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Introduction: Alpha-fetoprotein (AFP), lens culinaris agglutinin-reactive fraction 
of alpha-fetoprotein (AFP-L3) protein induced by vitamin K absence or antagonist-
II (PIVKA-II) are serum biomarkers for hepatocellular carcinoma (HCC). These 
markers have been measured typically by liquid-phase binding assay (LiBA). 
However, LiBA does not always reflect accurate concentration, due to its low 
analytical sensitivity. Thus, I aimed to develop an analytically sensitive multiple 
reaction monitoring-mass spectrometry (MRM-MS) assay to quantify AFP, AFP-L3 




Methods: The assay entailed the addition of a stable isotope-lab led internal 
standard protein analog into the serum, the enrichment of AFP, and prothrombin 
using a monoclonal antibody, the fractionation of AFP-L3 using lens culinaris 
agglutinin lectin, deglycosylation for AFP-L3 fractionation, trypsin digestion (AFP, 
AFP-L3), chymotrypsin (PIVKA-II), online desalting, and MRM-MS analysis. The 
performance of the MRM-MS assay was compared with that of LiBA in 400 human 
serum samples (100 chronic hepatitis, 100 liver cirrhosis, and 200 HCC group). 
Subsequently, the assays for AFP, AFP-L3 and PIVKA-II were analytically validated 
per the US Food and Drug Administration (FDA), European medicines agency 
(EMA), Korea FDA (KFDA), and Clinical & Laboratory Standards Institute (CLSI) 
for clinical implementation.  
 
Results: The lower limit of quantification (LLOQ) of the MRM-MS assay (0.051 
ng/mL) for AFP, AFP-L3 was below that of LiBA. Thus, AFP-L3 values, which 
measured by LiBA in HCC samples (n=39), were detectd by the MRM-MS assay. 
For PIVKA-II, the representative signature peptide was selected to measure PIVKA-
II concentrations by MRM-MS. The linearity ranged from 1.28 ng/mL to 100000 
ng/mL. In additions, the MRM-MS assay for AFP, AFP-L3 and PIVKA-II was 
validated to meet almost criteria for 12 categories (calibration curve, analytical 
specificity (selectivity or interference), analytical sensitivity, carryover, precision, 
recovery of assay, matrix effect, recovery of immunoprecipitation, dilution integrity, 
stability, reproducibility, and quality control (QC) of samples and frequency) to 
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confirm whether the assay meet the international guidelines.  
 
Conclusions: I developed methods for quantifying AFP, AFP-L3 in serum by MRM-
MS-based assay that can overcome the low analytical sensitivity of LiBA. For 
PIVKA-II, I identified the surrogate peptide for PIVKA-II levels in human serum, 
and established MRM-MS assay for the first time. For the confirmation of robustness 
and reproducibility, the developed MRM-MS assays for AFP, AFP-L3 and PIVKA-
II were validated per the US Food and Drug Administration (FDA), European 
Medicines Agency (EMA), Korea FDA (KFDA), and Clinical and Laboratory 
Standards Institute (CLSI). 
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Liver cancer is the fifth most common cancer and the second cause of cancer-related 
death. The incidence rate and mortality rate were 10.1 and 9.5 per 100,000 persons 
in 2012, respectively (1). Hepatocellular carcinoma (HCC) is the major histologic 
type among primary liver cancers occurring worldwide, accounting for 70% to 85% 
of the total burden. Early detection of HCC increases the potential for curative 
treatment and improves prognosis. Several methods developed for the diagnosis of 
HCC including evaluation of blood markers have been clinically tested. 
 Alpha fetoprotein (AFP) is a glycoprotein with a complex, single 
asparagine-linked sugar structure that has been widely used as a blood biomarker for 
HCC (1). Approximately 25 sugar structures have been id ntified at a single site in 
AFP, primarily by mass spectrometry (3). Among them, the lens culinaris agglutinin- 
reactive fraction of alpha-fetoprotein (AFP-L3), a glycoform with core fucosylation, 
has been known as a HCC-specific biomarker. In clinical practice, AFP-L3% is 
defined as the ratio of the AFP-L3 fraction to the otal AFP concentration (4). Also, 
protein induced by vitamin K absence or antagonist-II (PIVKA- ΙΙ), an abnormal 
prothrombin induced by vitamin K absence or antagonist which lacks the capability 
of reciprocal action with other coagulation factors, is another serum marker used for 
both surveillance of at-risk patients and HCC diagnosis. (1). In addition to AFP, AFP-
L3% and PIVKA-II, a number of other biomarkers have been evaluated for early 
diagnosis in research phase. These include glypican-3, squamous cell carcinoma 
antigen, cytokeratin 19 and golgi protein-73, but there have not been strong 
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consensus for performance of these biomarkers (1). Although more and more 
research is under development of novel biomarkers, the study on whether certain 
biomarkers can be utilized in clinical are still in real worldwide demand (2).  
 In this study, I developed the method for quantifying AFP, AFP-L3 and 
PIVKA-II in serum by capillary-flow liquid chromatography, interfaced with an 
MRM-MS-based assay that can overcome the low analytic  sensitivity of the 
existing method. Currently, in clinical practice, liquid-phase binding assay (LiBA) 
is the clinical standard for measuring AFP, AFP-L3%, and PIVKA-II. In particular, 
the micro-total assay system (μTASWako™i-30), which obtained clearance from the 
US Food and Drug Administration (FDA) for in vitro diagnostic use in February 
2011 (7, 8), is the preferred system of most major reference laboratories in the US. 
The existing method for quantifying AFP-L3 in serum lack the analytical sensitivity 
to make accurate diagnoses (5, 9). However, compared with existing method, the 
MRM-MS assay was able to quantify three markers with der dynamic ranges. The 
quantifiable concentrations for MRM-MSassay range from 0.051 to 4000 ng/mL for 
AFP; from 0.132 to 100% for AFP-L3%; from 1.28 to 100000 ng/mL for PIVKA-II.  
Using 400 serum samples (100 chronic hepatitis, 100 liver cirrhosis, 200 HCC), the 
performance of the MRM-MS assay was compared with that of LiBA, conventional 
method, demonstrating the MRM-MS is superior to the conventional method (LiBA) 
of distinguishing HCC from noncancer patients for ea ly diagnosis. 
 Subsequently, I validated analytical performance of the developed MRM-
MS assay for AFP, AFP-L3 and PIVKA-II. With regard to quantification of analyte, 
the selective, sensitive and reproducible method is crit cal for the assay development. 
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Meanwhile, laboratory-to-laboratory variability for the same analyte measured by 
LC-MS, has been observed as evidenced by results from external quality assessment 
programs and published reports (3). To date, few organized efforts have been made 
to harmonize LC-MS methods across different clinical laboratories. Until recently, 
there existed minimal guidance on the use of LC-MS for clinical diagnostics. Given 
the growing use of LC-MS in clinical laboratories and the wider range of people who 
use the technology, there is an increased need for robustness and harmonization of 
LC-MS methods. Thus, MRM-MS assay was fully validated per integrated 
guidelines by the US FDA, European Medicines Agency (EMA), Korea FDA 
(KFDA), and Clinical and Laboratory Standards Institute (CLSI). Through the 
method validation, I confirmed that the MS-based assay for AFP, AFP-L3, and 
PIVKA-II met the global consensus standards for healt  care testing. 
 In conclusion, throughout this study, to establish ts methodological 
traceability, laboratory-developed test (LDT) was characterized extensively with 





II. MATERIALS AND METHODS 
 
2.1. Clinical specimen 
All blood samples were incubated in BD Vacutainer® blood collection tubes for 30 
min (clotting time, at room temperature) and centrifuged at 1200 g for 20 min at 
room temperature. Supernatant aliquots (300 µL) were stored in plain tubes at -80 °C 
until analysis. All serum samples were collected at a single institution from 2008 to 
2014 per standard operating procedures (16). The use of human serum samples was 
approved by the institutional review board of Seoul National Hospital (IRB No. 
0506-150-005). A total of 100 samples from patients wi h chronic hepatitis (71 men, 
29 women; median age 56 y, range 29–69 y), 100 samples from patients with liver 
cirrhosis (38 men, 62 women; median age 58 y, range 34–78 y), and 200 samples 
from patients with hepatocellular carcinoma (HCC) (166 men, 34 women; median 
age 59 y, range 38–86 y) were obtained (Table 1).  
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Table 1. Demographics and clinical characteristics of the study population (N = 
400) 





(N = 100) (N = 100) (N = 200) 
Age (years)         
  mean ± SD 54.2 ± 11.1 57.5 ± 9.8  59.4 ± 10.6 0.109 
Gender         
  M/F 71/29 38/62 166/34 <0.0001  
Etiology         
  HBV/HCV/Alcohol/Unknown 100/0/0/0 80/8/12/0 158/16/10/16 <0.0001  
ECOG         
  0/1 100/0 100/0 184/16 <0.0001  
Tumor size (cm)         
  < 5     169 (84.5%)   
  ≥ 5     31 (15.5%)   
Tumor number         
  ≤ 3     182 (91.0%)   
  4-9     8 (4.0%)   
  ≥ 10     10 (5.0%)   
Vascular invasion         
  No     181 (90.5%)   
  Yes     19 (9.5%)   
Lymph node         
  No     195 (97.5%)   
  Yes     5 (2.5%)   
Metastasis         
  No     198 (99.0%)   
  Yes     2 (1.0%)   
 
HCC, hepatocellular carcinoma; HBsAg, hepatitis B surface antigen; anti-HCV, antibody against 
hepatitis C virus; ECOG, eastern cooperative oncology group.  
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2.2. Chemical and Reagents 
Protein analogs that contained unlabeled and labeled (13C15N Arg/Lys-labeled) 
recombinant AFP protein were purchased from Sino Biolog cal Inc. (Beijing, China) 
and Origene Technologies Inc. (Rockvile, MD, USA), respectively. The absence of 
sugar residues that were attached to the protein analogs was confirmed by mass 
spectrometry. Amino acid analysis was performed by AAA Service Laboratory to 
confirm the quality of the content before use (purity > 95%). Mouse monoclonal 
anti-AFP antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA) and raised against amino acids 171–310 of AFP, which contains the central 
region of the glycosylation site. For immunoaffinity enrichment, anti-AFP antibody 
was covalently coupled to Dynabeads Protein G (immunoprecipitation kit, 
Invitrogen, Carlsbad, CA, USA). For the AFP-L3 fractionation, lens culinaris 
agglutinin (LCA) lectin-MagneZoom was purchased from bioWORLD (Dublin, OH, 
USA). Formic acid, dithiothreitol, iodoacetamide, ammonium bicarbonate, 
phosphate-buffered saline, methyl α-D-mannopyranoside, sodium chloride, 
manganase chloride, and calcium chloride were purchased from Sigma-Aldrich (St. 
Louis, MO, USA). RapiGest was purchased from Waters (Manchester, UK), and 
sequencing-grade modified trypsin was obtained from Promega (Madison, WI, 
USA). Peptide-N-glycosidase-F (PNGase-F) was purchased from New England 
BioLabs Inc. (Beverly, MA, USA). Protein LoBind tubes were purchased from 





2.3. AFP enrichment and AFP-L3 fractionation 
I bound 10 μL of clear Dynabeads (30 μg/μL) to 2 μL of monoclonal anti-AFP 
antibody (0.5 μg/μL), diluted it with 20 μL antibody binding and washing buffer 
(manufacturer’s buffer, composition confidential), and incubated it at room 
temperature for 10 min. The supernatant was discarded twice. The Dynabeads-Ab 
complex was added into a serum sample (200 μL) that contained 10 μL of stable 
isotope-labeled internal standard protein analog (38.4 ng/μL) and incubated with 
rotation at room temperature for 30 min. The supernata t was discarded twice and 
subsequently washed with 50 μL washing buffer (manufacturer’s buffer, 
composition confidential). Ten microliters of 5% aceti  acid was used as the elution 
buffer after incubation with rotation at room temperature for 2 min. 
The supernatant (containing enriched AFP protein) was transferred to a new 
tube and diluted with 10 μL of binding buffer (20 mM Tris-HCl, 0.5 M NaCl, 1 mM 
MnCl2, and 1 mM CaCl2). Then, 20 μL of magnetic-LCA lectin (25 μg/μL) was 
added and incubated at room temperature with rotation for 30 min. After the 
incubation, the magnetic beads were washed twice with 10 μL of binding buffer. 
Bound analyte (the AFP-L3 fraction) was eluted with 20 μL of elution buffer (100 
mM α-methyl mannopyranoside, 1X phosphate-buffered saline) after 15 min of 
mixing with rotation at room temperature. The eluate (bound analyte: AFP-L3 
fraction) and supernatant (unbound analytes: AFP-L1, L2 fraction) were transferred 
to a new tube. All sample preparation steps were performed using a magnetic particle 




2.4. Deglycosylation and digestion  
Prior to digestion, the AFP-L3 fraction was deglycosylated with 2 μL of peptide-N-
glycosidase-F (PNGase-F, 500000 units/mL) at 37 °C for 4 h. The AFP-L1, L2 
fraction was reacted with 50 mM ammonium bicarbonate, pH 8.0, instead of 
PNGase-F. A stock solution was prepared by adding 0.2% RapiGest surfactant and 
20 mM dithiothreitol in 100 mM ammonium bicarbonate, pH 8.0. Twenty microliters 
of stock solution was added to the sample and vortexed before being incubated at 
60 °C for 60 min. After the incubation, the sample was alkylated with 10 μL of 100 
mM iodoacetamide, vortexed, and incubated in the dark at room temperature for 30 
min. Then, 40 μL of trypsin solution (0.1 μg/μL) was added to the sample. The 
sample was vortexed and incubated at 37 °C for 4 h. 
The digestion was completed by adding 10 μL of 10% formic acid to the 
sample. The sample was centrifuged at 15000 rpm at 4 °C for 60 min to remove 
insoluble chemicals, such as byproducts of RapiGest surfactant. The supernatant 
from the AFP-L3 and AFP-L1, L2 fractions was transferred to a new tube. The 
overall time that was required for the sample preparation was approximately 12 h. 
All sample preparation steps were performed on a Thermomixer C (Eppendorf, 
Westbury, NY, USA). The digested samples were moved to an autosampler for 
MRM-MS analysis. 
 
2.5. MRM-MS Analysis 
Chromatographic separation of GYQELLEK (representing AFP) and VDFTEIQK 
(representing AFP-L3) ERECVEETCSY (representing PIVKA-II) from matrix 
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components before MRM-MS analysis was performed on a fully automated online 
1260 Capillary-flow liquid chromatography (LC) system (Agilent Technologies, 
Santa Clara, CA, USA). The sample compartment of the autosampler was set to 4 °C, 
and the LC separation was conducted at 40 °C. Sample cleanup was performed using 
a guard column (2.1 × 15.0 mm, 1.8 μm, 80 Å), and peptides were separated on an 
analytical column (0.5 × 35.0 mm, 3.5 μm, 80 Å) (both columns from Agilent 
Technologies, Santa Clara, CA, USA). The 2 columns in the LC system were 
operated in parallel, facilitating high throughput and using the same solvents: A (0.1% 
formic acid in water) and B (0.1% formic acid in acetonitrile). 
 Ten microliters of the digested sample were injected onto a guard column 
with the effluent directed to waste, at 40 μL/min for 1 min in 10% solvent B. After 
the valves were switched, sample flow was directed from the guard to the analytical 
column. After switching the valve, 10% solvent B was run at a flow rate of 40 μL/min 
for 1 min. Bound peptides were then eluted from the analytical column on a linear 
gradient of 10% to 60% solvent B over 5 min at 40 μL/min. The column wash was 
held at 90% solvent B for 1 min at 40 μL/min and then equilibrated at 10% solvent 
B for 4 min. After 1 min of equilibration, the switching valve was returned to its 
original position, and reconditioning occurred simultaneously in the guard and 
analytical columns. The total injection-to-injection run time, including sample 
cleanup and re-equilibration, was 12 min. The autosampler injector needle and 
tubing were washed after each sample injection with aqueous 50% acetonitrile 
solution. 
 Quantitative analysis was performed on an Agilent 6490 triple quadrupole 
１０ 
 
(QqQ) mass spectrometer with a Jetstream electrospray source (Agilent 
Technologies, Santa Clara, CA, USA), operated in positive ion, multiple reaction 
monitoring (MRM) mode. The source parameters were as follows: gas temperature, 
250 °C; gas flow, 15 L/min; nebulizer, 30 psi; sheath gas temperature, 350 °C; sheath 
gas flow, 12 L/min. The delta electron multiplier voltage (EMV) was set to 200 V, 
and the cell accelerator voltage and fragment voltage were 5 V and 380 V, 
respectively. The dwell time and cycle time of the mass transitions were 66 
millisecond (ms) and 2502 ms, respectively. The Q1 quadrupole and Q3 quadrupole 
were set to unit resolution: 0.7 Da at half height. 
 
2.6. Liquid-phase binding assay (LiBA) 
The μTAS autoanalyzer (Wako Pure Chemical Industries) is a FDA-clearance device 
for diagnosing HCC by measuring AFP and AFP-L3 concentrations. A sample load 
of 100 μL was analyzed for 9 min with a 2 min interval betwen each sample. The 
AFP-L3 concentration was calculated automatically as a percentage of total AFP and 
printed out. The quantifiable ranges of AFP and AFP-L3 were 0.3–4000.0 ng/mL and 
0.5% to 99.5%, respectively, using a 2-point calibrto . All serum samples were 
measured following the manufacturer’s instructions. 
 
2.7. Data Analysis 
Skyline, ver. 3.7 (MacCoss Lab, University of Washington, USA) was used to import 
and align all MRM-MS raw data files and quantitative features. The absolute 
abundance of transitions was determined, based on the ormalized peak areas of the 
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purified internal standard. The data points on the peak chromatogram were smoothed 
by Savitzky-Golay method (1). All data were analyzed r peatedly using the mean (or 
median) value. Statistical analysis (Mann-Whitney tst, area under the receiver 
operating curve, correlation analysis) and visualizations were performed using 
MedCalc, ver. 12.7 (MedCalc, Mariakerke, Belgium), IBM SPSS, ver. 19.0 (SPSS 
Inc., Chicago, IL, USA), and Graph Pad Prism, ver. 6.0 (Graph PAD, San Diego, CA, 
USA). 
 
2.8. Calculation of AFP-L3 concentration by MRM-MS assay 
AFP-L3% concentration was calculated as follows: After MRM-MS analysis, the 
peak area ratios (unlabeled to labeled) of the glycopeptide (VDFTEIQK), which 
served as a surrogate peptide for AFP-L3, were obtained. The log2-transformed peak 
area ratio was used for back-calculation, based on the forward response curve. The 
back-calculated value represented the log2-transformed ratio of unlabeled to labeled 
peptide in concentration units (ng/mL), which was then converted to the original 
value. The original value was multiplied by the cone tration of spiked stable 
isotope-labeled internal standard protein analog (19.2 ng). Then, the concentration 
(ng/mL) of endogenous AFP-L3 was obtained. Similarly, the concentration (ng/mL) 
of total AFP was obtained, based on the peak area ratio of nonglycopeptide 
(GYQELLEK). Finally, AFP-L3% was calculated by dividing the AFP-L3 
concentration that was obtained with the VDFFTEIQK peptide by the total AFP 
concentration that was obtained with the GYQELLEK peptide and multiplying the 
result by 100. 
１２ 
 
2.9. Analytical method validation  
The analytical method validation experiments were dsigned to meet the 
requirements (validation practices) of 4 sets of guidelines [US Food and Drug 
Administration (FDA) (2), European Medicines Agency (EMA) (3), Korea FDA 
(KFDA) (4), and Clinical and Laboratory Standards In titute (CLSI)] (5-19). The 
acceptance criteria (performance specification) for all method validation items were 
based on the guidance documents and other published w itepapers (20-30). These 
items covered such aspects as calibration curve, analytical specificity (selectivity or 
interference), analytical sensitivity, carryover, pecision, recovery of assay, matrix 
effect, recovery of immunoprecipitation, dilution integrity, stability, reproducibility, 
and quality control (QC) of samples and frequency. A schematic diagram of the 
validation of the analytical method and the optimized analytical sequence and 






Figure 1. Schematic diagram of analytical method validation by MRM-MS assay. 
Sample configuration of each evaluation item in the analytical method validation study. The method validation study consisted of 12 items: 
calibration curve, analytical specificity (selectivity or interference), analytical sensitivity, carryover, precision, recovery of assay, matrix effect, 




Table 2. Optimized analytical sequence and schedule for analytical method validation by MRM-MS assay. 
Analysis order 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 Evaluation or Analysis 
Calibration curve                                                         
Calibration curves, Analytical 
specificity, Analytical 
sensitivity, and Carryover 
evaluation 
Individual sample                                                         Individual sample analysis 
QC of samples and 
frequency 
                                                        Reliability individual sample 
analysis 
Stability   
0 d                                                    
Stability evaluation 
1 d (short & long-
term)                                                    
2 d (short & long-
term)                                                    
3 d (short & long-
term)                                                    
4 d (short-term)                                                    
5 d (short-term)                                                    
6 d (short-term)                                                    
7 d (short & long-
term) 
                                                   
14 d (long-term)                                                    
21 d (long-term)                                                    




Recovery of assay   
1 d                                                       
Evaluation for Precision and 
Recovery of assay  
2 d                                                       
3 d                                                       
4 d                                                       
5 d                                                       
6 d                                                       
Reproducibility   
1 batch                                                     
Reproducibility evaluation  
2 batch                                                     
3 batch                                                     
4 batch                                                      
5 batch                                                     
6 batch                                                     
Matrix effect   
 Calibrators, QCs, 




                                                    Matrix effect evaluation 
Recovery of 
immunoprecipitation                                                         
Evaluation for Recovery of 
immunoprecipitation 
Dilution integrity                                                         Dilution integrity evaluation 
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2.9.1. Calibration curve 
Due to the presence of analytes in the serum matrix, it was not possible to calculate 
the lower limit of quantification (LLOQ) accurately through the forward calibration 
curve. Therefore, I generated a reverse calibration curve to accurately and 
reproducibly calculate the LLOQ by circumventing the endogenous analytes. The 
reverse calibration curve was constructed by spiking equal amounts of the unlabeled 
protein analog with varying amounts of the labeled protein analog at 8 concentrations. 
Conversely, the forward calibration curve was generated by spiking equal amounts 
of the labeled protein analog and varying amounts of he unlabeled protein analog at 
the same 8 concentrations as with the reverse calibration curve. Blank samples 
(matrix only, no internal standard) and zero samples (matrix spiked with internal 
standard) of each serum matrix were analyzed. 
 Reverse and forward calibration curves were generated using each of the 6 
chronic hepatitis serum samples as the matrix. In both of the calibration curves, the 
internal standard protein analog was spiked constantly at the middle point 
(GYQELLEK, VDFTEIQK; 19.2 ng/mL, and ERECVEETCSY;480 ng/mL) over 
the linear range (GYQELLEK and VDFTEIQK; 0.051–4,000 ng/mL, 
ERECVEETCSY; 1.28–100000 ng/mL) to reduce fluctuations in peak area ratio. All 
calibrators of the 6 matrices were prepared daily and analyzed in 3 replicates per day 
over 6 d. The equations that were used to quantify the analytes were generated by 
averaging the parameters (slope, intercept) of the 6 equations that were obtained 
from the 6 matrices. The reverse calibration curve was used to calculate the 
concentrations of the samples, which contained stable isotope-unlabeled internal 
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standard protein analog. Conversely, the forward calibration curve was used to 
calculate the concentrations of patient samples that contained stable isotope-labeled 
internal standard protein analog. The upper limit of quantification (ULOQ) was 
defined as the highest concentration in the reverse calibration curve that met the 
following criteria: precision (CV < 20%), and recovery of assay (within ± 15% of 
target). In this experiment, the ULOQs of AFP, AFP-L3 were 4000 ng/mL and 
ULOQ of PIVKA-II was 100000 ng/mL. Due to financial constraints and the high 
cost of protein analogs, I were unable to evaluate concentrations above 4000 ng/mL 
or 100000 ng/mL. 
 
2.9.2. Analytical specificity (selectivity or interference) 
Analytical specificity was calculated by comparing the concentrations of 
endogenous analyte and internal standard in the blank s mples, with those of the 
LLOQ (calibrator 1). To elaborate, interference of the analyte was calculated as the 
percentage of the peak area of labeled peptide in the blank samples with respect to 
the peak area of labeled peptide in the samples at the LLOQ. For the internal standard, 
interference was calculated as the percentage of the peak area of unlabeled peptide 
in the blank samples with respect to the peak area of the unlabeled peptide in the 
samples at the LLOQ. Pairs of interference were calcul ted across all 6 matrices in 




2.9.3. Analytical sensitivity 
Individual chronic hepatitis serum from 6 patients were used as the matrix for 
determining the LLOQ. The 6 matrices were prepared daily and analyzed in triplicate 
each day over 6 d. The LLOQ was defined as the lowest concentration on the reverse 
calibration curve (calibrator 1) that could be measured with a range of precision of 
< 20% and a recovery of assay of 80% to 120% of targe  concentrations with a S/N 
of at least 5. Notably, the CLSI guidelines are stricte  (recovery of assay < ±15%, 
S/N > 20) than other criteria. 
 
2.9.4. Carryover 
Carryover was evaluated similarly as analytical specificity, except that the blank 
samples were analyzed sequentially after the sample at the ULOQ (calibrator 8). Six 
blank samples were evaluated from several chronic hepatitis serum samples. The 6 
matrices were prepared daily and analyzed in triplicate each day for 6 d. Carryover 
was deemed to be satisfactory if it met the following requirements: the peak area of 
labeled peptide (analyte) in the blank samples were less than 20% of that in the 
samples at the LLOQ (calibrator 1) and the unlabeled p ptide (internal standard) 
peak area in the blank samples were less than 5% of that in the samples at the LLOQ. 
Therefore, the carryover limit, defined as the highest concentration that carries over 
to subsequent samples, should be determined. EMA and CLSI guidelines 
recommend that a blank sample be analyzed immediately following a ULOQ sample 
to ensure that carryover will not affect subsequent specimens. 
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2.9.5. Precision and Recovery of assay 
Precision and recovery of assay were assessed by analyzing 4 quality control (QC) 
samples. Four QC samples were prepared by spiking stable isotope-labeled protein 
analog into the chronic hepatitis serum as the matrix t the following concentrations: 
QC 1 (LLOQ, 0.051 ng/mL), QC 2 (3 × LLOQ, 0.154 ng/mL), QC 3 [(LLOQ + 
ULOQ) / 2000 ng/mL], QC 4 (0.9 × ULOQ, 3600 ng/mL) for AFP and AFP-L3, and 
QC 1 (LLOQ, 1.28 ng/mL), QC 2 (3 × LLOQ, 3.84 ng/mL), QC 3 [(LLOQ + 
ULOQ)/2, 50,001 ng/mL], QC 4 (0.9 × ULOQ, 90,000 ng/mL) for PIVKA-II,. Each 
QC sample was analyzed in 6 replicates per day for 6 d. The CV was used to report 
the intra-assay and inter-assay precision. The CV values were expected to be less 
than 15% for all concentrations except for QC 1, which ad a concentration that was 
equivalent to the LLOQ (< 20%), to meet the requirements of the guidelines. The 
recovery of intra-assay and inter-assay relative to target should also be within ± 15% 
for all concentrations except for QC 1 (± 20%). 
 The precision and recovery of intra-assay were calcul ted as described in 
the following segment. First, 6 replicates of the QC 1 sample were analyzed each 
day for 6 d. The CV values and concentrations of each of the 6 replicates on a given 
day were calculated and averaged. Subsequently, these mean CV values and 
concentrations for each day were averaged to calculate the overall precision and 
recovery of intra-assay. The first replicate of each day was averaged to calculate the 




2.9.6. Matrix effect 
The matrix effect was evaluated by preparing 8 calibr tors and 4 QC samples from 
each of the 6 chronic hepatitis serum as matrices. The calibrators were analyzed in 
triplicate. In contrast, the QC samples were analyzed in 6 replicates for a given QC 
sample in a particular matrix. This step was repeated for all samples each day over 6 
d. The matrix effects were calculated by comparing the peak area ratio (labeled to 
unlabeled) of the analyte in the serum matrix with that in neat solution (antibody 
binding and washing buffer) at the same concentrations. The resulting ratio was 
expressed as %matrix effect. 
 The recovery of spiking was calculated for the 4 QC samples, based on the 
concentrations in the zero samples. Recovery of spiking s used to determine whether 
a systemic shift occurs in the analytical signal of an analyte due to a matrix effect. 
The concentration of QC samples was determined for the spiked (a) and unspiked 
zero samples (b). Based on the expected (theoretical) concentration of the spiked 
zero samples in QC samples (c), the percent recovery f spiking is calculated as (a-
b)/c ×100. 
 The matrix effect was evaluated in a matrix mixing experiment. If 
significant sample-specific matrix effects were present, the measured concentrations 
will not agree with the expected concentrations. To confirm this, 2 HCC serum 
samples were mixed at varying proportions (100:0, 80:20, 60:40, 40:60, 20:80, and 
0:100) to evaluate the linearity of the patient samples. HCC serum samples were 
selected, based on the concentrations as measured by LiBA. Serum A (low AFP) and 
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B (high AFP) and C (low AFP-L3) and D (high AFP-L3) were used to analyze the 
linearity of GYQELLEK and VDFTEIQK peptides, respectively. All samples were 
analyzed in 6 replicates in 1 d.  
 Endogenous compounds like hemolysis, lipemia, and icterus (problem 
samples) in blood can produce a matrix effect that suppresses or enhances ionization. 
To assess the extent to which such abnormalities aff ct the quantitative results of 
patient samples, concentrations of AFP, AFP-L3 and PIVKA-II were measured in 
lipemic, hemolyzed, and icteric samples, mixed at a1:1 ratio with “normal” serum 
sample. All samples were analyzed in 6 replicates per day in 1 d.  
 I evaluated exogenous compounds using 2 types of tubes [serum separation 
tubes (SSTs, serum) and tri-potassium-ethylenediaminetetraacetic acid (K3-EDTA, 
plasma] to store blood from 6 patients with HCC. The 6 samples were selected, based 
on an even distribution of concentrations in the quantification range. All samples 
were analyzed in 6 replicates in 1 d. The concentrations of AFP, AFP-L3, PIVKA-
II in serum and plasma were determined, respectively. 
 
2.9.7. Recovery of immunoprecipiation  
The recovery after enrichment by immunoprecipitation was determined in 4 QC 
samples of 6 chronic hepatitis serum matrices. Stable isotope-unlabeled and labeled 
protein analogs were added before the AFP or PIVKA-II enrichment step in 1 set of 
samples, whereas it was added to another set after enrichment step. Each sample was 
２３ 
 
analyzed in 6 replicates per day for 6 d. Recovery of immunoprecipitation was 
expressed as the relative recovery in peak area ratio of the enriched versus 
unenriched samples. Recovery measurements for AFp-L3 fractionation were 
unavailable due to a lack of standard material for the AFP-L3 glycoform. 
 
2.9.8. Dilution integrity 
The effect of sample dilution on precision and recovery of assay was assessed by 
spiking the chronic hepatitis sample (blank sample) with stable isotope-labeled 
protein analog at 8000 ng/mL (AFP), 300000 ng/mL (PIVKA-II) and measuring the 
resulting concentrations at various dilutions, established by diluting a blank sample 
by 5 factors (AFP; 5, 150, 500, 2500, 20000, PIVKA-II; 200, 400, 2000, 10000) that 
were within the dynamic range of the assay. Each sample was diluted separately 
instead of serially. Each sample was analyzed in 6 replicates in 1 d. The precision 
and recovery of assay needed to be within 15% to meet th  guideline standards. 
 
2.9.9. Stability  
The stability in storage was evaluated to determine acceptable storage conditions. 
Stability studies were conducted with 4 QC samples under various storage conditions. 
To assess short-term storage stability, the samples were stored on the benchtop at 
room temperature and in an autosampler at 4 °C for up to 7 d. Long-term stability 
was assessed by storing the samples in a freezer at -20 °C and -70 °C for up to 28 d. 
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Freeze-thaw stability was also assessed in the 4 QC samples. Aliquots were subjected 
to 0 to 7 freeze-thaw cycles and then analyzed in triplicate. Sample stability was 
calculated as the mean difference from the baseline value (0 d or 0 cycle), with 85% 
to 115% as the acceptable range. 
 
2.9.10. Reproducibility 
The reproducibility of the entire MRM-MS assay workflow was evaluated with 4 
HCC serum samples, which were selected based on an eve distribution of 
concentrations of AFP, AFP-L3 and PIVKA-II within the quantifiable range. The 
serum samples were prepared fresh each day (16 h apart), and the 4 samples were 
analyzed daily in 6 replicates over 6 d. 
 
2.9.11. Quality control (QC) of samples and frequency 
To ensure that the patient samples were analyzed under the proper conditions, 4 QC 
samples were analyzed after every 20 individual samples. A total of 400 individual 
samples were analyzed, with 20 sets of QC runs (5% of total patient size for each 
QC concentration), meeting the guideline requirement that QC runs constitute at 
least 5% of the total patient size. 
 Each individual sample was analyzed once over 20 d. For the 4 QC 
measurements to be valid, over two-thirds of all QCsamples needed to have 
concentrations less than 15% of the nominal concentration. In addition, at least 50% 
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III. RESULTS  
 
3.1. Development of the assay based on the mass spectrometry 
 
3.1.1. Confirmation of the surrogate peptide of AFP and AFP-L3 
For the selection of the surrogate nonglycopeptide, Skyline software was used to 
generate a list of all possible b- and y-series fragment ions (1+ or 2+ ion charge state) 
for the 2+ or 3+ precursor ion charge state, spanning the m/z range from 300 to 1400. 
As shown in Figure 2A, in 37 tryptic peptides of AFP, there were 26 predicted unique 
tryptic peptides with a useful length of 6–30 amino acids. Among these candidates, 
those with potential ragged ends (-KK, -RR, -KR, and -RK) were removed. The first 
25 amino acids counting from the N-terminus of the protein were not considered 
when selecting candidates due to the possibility of containing a signal peptide 
sequence. Several peptides with (n-term) cysteine (Cys), methionine (Met), histidine 
(His), an NxS/T motif, and pyroglutamine (pyroGln), which are susceptible to in 
vivo and in vitro modifications that affect their mass-to-charge (m/z) ratios, were 
also eliminated. In addition, peptides with RP/KP, xK/R, or RxK/R were eliminated 
due to low digestion efficiency. Ultimately, 5 nonglycopeptides remained after these 
criteria were applied. The stable isotope-unlabeled protein analog (1000 ng) was 
digested and analyzed in triplicate. Among 5 peptides, the GYQELLEK peptide had 
the highest intensity when measured by MRM-MS assay and was selected as a 
surrogate peptide of AFP (Figure 2B). 
 Based on the sequence in the Uniprot database (http://www.uniprot.org), 
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the AFP glycopeptide has a single N-glycosylation site. According to a public glycan 
database (UniCarbKB, http://unicarbkb.org), AFP protein has 25 glycan structures 
(22 biantennery and 3 triantennary N-linked oligosaccharides) through a 
combination of 5 sugar residues (N-acetylglucosamine, Mannose, Galactose, N-
acetylneuramic acid, and Fucose) at amino acid Asn-251. To quantify the 
heterogeneous fucose-attached AFP-L3 moieties simultaneously, we analyzed the 
PNGase-F-treated deglycopeptide, in which the sugar moiety is cleaved and an 
asparagine (Asn, N) residue in the NxS/T motif is changed into aspartic acid (Asp, 
D). 
 The unit resolution was set to 0.7 Da for both the Q1 quadrupole and Q3 
quadruple, and a high signal-to-noise ratio (S/N) was obtained with sufficient 
selectivity for typical samples. For the AFP-L3 measurements in the patient samples 
by the MRM-MS assay, 2 similar types of peptide sequences (deglycosylated form, 
VDFTEIQK sequence as endogenous AFP-L3; original form, VNFTEIQK sequence, 
as internal standard) should be quantified. The 2 similar sequences were not 
distinguished by the unit-unit resolution, because the difference in precursor ions at 





Figure 2. Selection of the surrogate nonglycopeptide of AFP. 
In step 1, 26 unique peptides were selected. These peptides did not contain potential ragged ends or a signal peptide sequences. Of these peptides, 
21 were excluded, because they harbored amino acids that hindered the detection with high intensity by mass spectrometer (step 2). Ultimately, 5 
peptides were selected as surrogate peptide candidates (A). The stable isotope-unlabeled protein analog (1000 ng) was digested and analyzed in 
triplicate. Finally, GYQELLEK peptide (red) was detected to have the highest intensity by MRM-MS assay (B).  
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3.1.2. Modeling the surrogate peptide for representing PIVKA-II 
The first step in developing an MRM-MS assay is to determine the surrogate peptide 
for quantitative analysis. Prothrombin is converted to its active form after the 10 Glu 
residues at positions 6, 7, 14, 16, 19, 20, 25, 26, 29, and 32 in the N-terminal Gla 
domain are γ-carboxylated to Gla by γ-glutamylcarboxylase (Figure 3A) (4). In 
patients with HCC, γ-glutamylcarboxylase is impaired; thus, the 10 Glu residues can 
not be γ-carboxylated completely to Gla. The PIVKAΙΙ variants that are 
preferentially synthesized in HCC patients bear less than 4 Gla residues, whereas 
those in benign liver diseases have more than 5 (5). To diagnose HCC patients, I 
wanted to select the most representative surrogate peptide that contained Glu 
residues in the Gla domain. Initially, the full sequ nce of prothrombin was imported 
into Skyline, in which proteolytic digestion was performed in silico. Skyline supports 
various enzymes, and I began to develop the peptide with trypsin and chymotrypsin. 
As a result, 2 tryptic peptides (ANTFLEEVR and 
ECVEETCSYEEAFEALESSTATDVFWAK) and 3 chymotryptic petides 
(EEVRKGNL, ERECVEETCSY, and ESSTATDVF).  
 Gamma-carboxylated forms of the selected 2 tryptic eptides and 3 
chymotryptic peptides were modeled in silico using Skyline. As a result, 68 and 21 
of all possible combinations of gamma-carboxylated forms were modeled for the 
tryptic and chymotryptic peptides, respectively, by changing each Gla to Glu (Table 
3). MRM-MS analysis was then performed, targeting all 89 peptide combinations, 
using serum from 3 patients, containing high, medium, and low PIVKAΙΙ levels by 
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immunoassay. Consequently, none of the 68 modified tryptic peptides produced a 
notable signal at the predicted mass values, perhaps because 4 modeled peptides 
from the ANTFLEEVR sequence had ragged ends (-RR and -RK) that lowered the 
efficiency of trypsin, whereas 64 modeled peptides from the 
ECVEETCSYEEAFEALESSTATDVFWAK sequence were long and hy rophobic 
(Figure 1-2 A).  
 Ultimately, I detected only 1 chymotryptic peptide by MRM-MS, 
ERECVEETCSY, in which none of the Glu residues was converted to Gla (Figure 
3B). The intensity of this peptide was consistent between the 3 PIVKA-ΙΙ levels in 
the patient serum samples (Figure 4). Based on these findings, this chymotryptic 
peptide (ERECVEETCSY) satisfied the following criteria: (1) length between 6 and 
30 amino acids; (2) mass greater than 800 m/z (to facilitate detection by electrospray 
ionization-MS); and (3) no Met residues (to avoid chemical modifications). Also, the 
chymotryptic peptide, the sequence of which was related to only 1 protein in the 
Uniprot/Swiss-Prot database, was considered a uniquely representative proteolytic 
sequence of PIVKA-ΙΙ. Consequently, I determined the proteolytic peptide 
ERECVEETCSY to be a surrogate peptide that could be used to quantify PIVKA-II 
levels in human blood.  
 The parameters of the 3 peptides (GYQELLEK, VDFTEIQK, 








Cysteine (Cys, C) : +57.0 Da (static modification)

































































































Figure 3. Scheme for determining the surrogate peptide for quantitating 
PIVKA-II  
The Gla domain is located in the N-terminal region of prothrombin (A). In the Gla 
domain, containing 10 glutamate residues (Glu, E), a varying number of Glu residues 
are converted into Gla in patients with HCC. Two tryptic peptides (blue) and 3 
chymotryptic peptides (red) were examined by MRM-MS analysis (B One 
















Figure 4. Intensity of the surrogate peptide from 3 patents with low, medium, 
high level of PIVKA-II 
MRM-MS analysis result of ERECVEETCSY using 3 HCC clini al samples. Among 
68 tryptic peptides and 21 chymotryptic peptides, a single peptide, ERECVEETCSY, 
was correlated with the result from immunoassay. X-axis values were concentrations 




Table 4. MRM-MS transitions for method development and quantification. 
















AFP GYQELLEK unlabeled 490.3 2 759.4 y6b 1 
         631.4 y5 1 
         276.2 y2 1 
         147.1 y1 1 
         380.2 y6 2 
         221.1 b2c 1 
  GYQELLEK labeled 494.3 2 767.4 y6b 1 
         639.4 y5 1 
         284.5 y2 1 
         155.1 y1 1 
         384.2 y6 2 
         221.1 b2c 1 
AFP-L3 VDaFTEIQK unlabeled 490.3 2 880.4 y7 1 
         765.4 y6b 1 
         618.3 y5c 1 
         517.3 y4 1 
         383.2 y6 2 
         215.1 b2 1 
  VDaFTEIQK labeled 494.3 2 888.5 y7 1 
         773.4 y6b 1 
         626.4 y5c 1 
         525.3 y4 1 
         387.2 y6 2 
         215.1 b2 1 
PIVKA-II  ERECVEETCSY unlabeled 731.3 2 530.2 y4 1 
          269.1 y2 1 
          182.1 y1 1 
          674.3 b5 1 
          932.4 b7b 1 
          466.7 b7 2 
  ERECVEETCSY labeled 736.3 2 540.2 y4 1 
          279.1 y2 1 
          192.1 y1 1 
          674.3 b5 1 
          932.4 b7b 1 
          466.7 b7 2 
a Asparagine (Asn, N), which was the original residue, was converted into aspartic acid (Asp, D) by 
PNGase-F. 
b Product ions in bold are the best single transition chosen for quantification. 
c Product ions are the second most intense transitio ch sen for qualification  
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3.1.3. Optimization of digestion and deglycosylation 
To determine the optimal conditions for the trypsin digestion and PNGase-F 
deglycosylation, I examined the relationship between the digestion efficiency and 
the treated amount or the reaction time. Pooled HCC serum was immunoprecipitated 
with monoclonal AFP antibody and aliquoted. 
Various amounts of trypsin (0, 1, 2, 4, 10, and 20 μg) were prepared using 
6 aliquots, and the samples were digested at 37 ºC for 4 h. For various times (1, 2, 4, 
8, 12, and 16 h), 6 aliquots were digested with 4 μg of trypsin at 37ºC. All digested 
samples were spiked with 100 fmol of stabled isotope-labeled synthetic peptide 
[GYQELLEK, obtained from 21st Century Biochemicals, Inc. (Marlborough, 
England), purity > 95% by AAA] as an internal standrd. As shown in Figure 5 the 
peak area ratio was plotted versus the amount of trypsin and digestion time, which 
demonstrated that the efficiency of the digestion plateaued. Digestion was complete 
with 4 μg of trypsin and 4 h of digestion time, and these points were selected for the 
final optimal method. 
Then, I evaluated the optimal amount of PNGase-F and the optimal reaction 
time for deglycosylation using AFP-enriched and AFP-L3-fractionated pooled HCC 
samples. Various amounts of PNGase-F (0, 1, 10, 100, 1000, and 5000 units) were 
prepared using 6 aliquots. The samples underwent deglycosylation at 37 ºC for 4 h. 
For various reaction times (1, 2, 4, 8, 16, and 24 h), 6 aliquots were deglycosylated 
with 1000 units of PNGase-F at 37ºC. Then, 12 samples were digested under optimal 
conditions (4 μg of trypsin and 4 h of digestion time) and spiked with 100 fmol of 
stable isotope-labeled synthetic peptide (VNFTEIQK) as an internal standard. As 
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shown in Figure 6 the peak area ratio was plotted versus the amount of PNGase-F 
and the reaction time, respectively, plateauing in deglycosylation efficiency. 
Deglycosylation was complete with 1000 units of PNGase-F and 4 h of 




Figure 5. Optimization of digestion with trypsin. 
To optimize the digestion with trypsin, various conditions were tested to determine the proper trypsin amount and reaction time. Different amounts 
(0, 1, 2, 4, 10, and 20 μg) of trypsin were tested, and the reaction time (4 h) was fixed (A). With regard to reaction time, many reaction times (1, 
2, 4, 8, 12, and 16 h) were tested with a fixed amount of trypsin (4 μg) (B). The immunoprecipitated pooled HCC samples were digested and 
analyzed in triplicate. Four micrograms of trypsin and 4 h of reaction time were selected as the optimal conditions; these conditions were optimized 




Figure 6. Optimization of deglycosylation with PNGase-F. 
To optimize the deglycosylation with PNGase-F, various conditions were tested regard to the amount of PNGase-F and the reaction time. Several 
amounts (0, 1, 10, 100, 1000, and 5000 units) of PNGase-F were tested, with a fixed reaction time (4 h) (A). Many reaction times (1, 2, 4, 8, 16, 
and 24 h) were tested with a fixed amount of PNGase-F (1000 units) (B). The AFP-enriched and AFP-L3-fractionated pooled HCC samples were 
deglycosylated, digested and analyzed in triplicate. One thousand units of PNGase-F and 4 h of reaction time were selected as the optimal 
conditions; these conditions were optimized on consideration of time and cost. Error bar represents the standard deviation of the 3 measurements. 
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3.1.4. Assessment of complete deglycosylation 
I also confirmed the deglycosylation efficiency by determining whether the sugar 
structures of AFP-L3 were completely removed under th  optimized deglycosylation 
conditions (1000 units of PNGase-F and 4 h of deglycos lation). The AFP-enriched 
and AFP-L3-fractionated pooled HCC samples were divided into 2 samples (100 μL 
each). One sample was treated with PNGase-F according to the optimized PNGase-
F treatment conditions, and the other sample was untreated. The 2 samples were 
analyzed by LiBA. 
Between untreated and treated PNGase-F samples, the conc ntrations of 
AFP did not differ, whereas AFP-L3 was undetectable in PNGase-F treated sample 
(Figure 7). These results demonstrate that nearly all sugar structures on AFP were 
detached under the optimal deglycosylation conditions. The deglycopeptide had a 
single sequence, VDFTEIQK, although the sugar structu es of AFP-L3 were 
heterogeneous, supporting that VDFTEIQK peptide is a true proxy for all 
heterogeneous fucose-attached sugar structures in AFP-L3. The MS/MS spectra of 





Figure 7. Verification of complete deglycosylation in the optimized 
deglycosylation method. 
The optimized PNGase-F deglycosylation conditions were verified on another 
platform (liquid-phase binding assay, LiBA). PNGase-F-treated and untreated 
samples were compared with regard to the concentrations of AFP and AFP-L3. The 
AFP-enriched and AFP-L3-fractionated pooled HCC sample were analyzed in 
triplicate. AFP concentrations were similar between treatments, but AFP-L3 could 
not be detected after PNGase-F treatment. Thus, the heterogeneous fucose-attached 
sugar structures in AFP were all detached through the optimized deglycosylation 




Figure 8. Product ion mass spectra of surrogate peptides. 
Product ion scans for AFP and AFP-L3 surrogate peptides in HCC samples. Product ion mass spectra of endogenous GYQELLEK peptide (A), 
and VDFTEIQK peptide (B). Blue diamonds denote doubly charged precursor ions; red arrow signify singly charged quantification parent ion; 




3.1.5. Diagnostic performance of the MRM-MS assay 
As an HCC screening assay, the MRM-MS assay quantified the AFP concentration 
in all samples. However, LiBA failed to do so in 4 samples, because the AFP 
concentrations were below the LLOQ (400 cases versus 396 cases). The optimal 
cutoff value (the maximum sum of the diagnostic sensitivity and specificity) was 
calculated to best distinguish between the HCC and high-risk HCC group (chronic 
hepatitis plus liver cirrhosis). The optimal cutoff values for the AFP measurement 
were 6.00 ng/mL for the MRM-MS assay and 5.90 ng/mL for LiBA. The area under 
the receiver operating characteristic (AUROC) value, diagnostic sensitivity, and 
specificity were 0.766 (95% CI, 0.721–0.806), 76.0%, and 77.5% for the MRM-MS 
assay and 0.740 (95% CI, 0.694–0.782), 59.0%, and 89.5% for LiBA, respectively 
(Figure 9A-C and Table 5). With regard to AFP concentrations, the DeLong test 
failed to conclude that the MRM-MS assay differed significantly from LiBA (P = 
0.070) in the HCC versus high-risk HCC group. 
 Of those patients with chronic hepatitis, AFP-L3 was detected by MRM-
MS assay and LiBA in 3 and 1 patients, respectively, versus 18 and 19 patients with 
liver cirrhosis. In the HCC group, AFP-L3 was measured in 162 (81.0%) and 123 
(61.5%) patients by MRM-MS assay and LiBA, respectively. For AFP-L3%, the 
optimal cutoff values of the MRM-MS assay and LiBA were 0.132% and 0.500% 
(each LLOQ concentrations), respectively. The AUROC, diagnostic sensitivity, and 
specificity were 0.854 (95% CI, 0.815–0.887), 81.0%, and 89.5% for the MRM-MS 
assay and 0.767 (95% CI, 0.722–0.807), 61.5%, and 90.0% for LiBA, respectively 
(Figure 9D-F and Table 5). The MRM-MS assay outperformed LiBA in quantifying 
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AFP-L3%, based on its significantly higher AUROC values in diagnosing HCC 
patients (DeLong test, P < 0.0001). 
For AFP-L3%, 39 HCC samples were measured exclusively above the 
cutoff value (> 0.132%) only by MRM-MS assay, not by LiBA. Of the 39 HCC 
samples, 24 were below the cutoff value (≤ 5.90 ng/mL) when AFP was measured 
by LiBA, constituting false negative cases by LiBA. (Figure 10). Among 24 HCC 
samples, except in 1 patient, all AFP-L3% values in the 23 samples were ≤ 5.95% 
(range 0.41% to 5.95%; 22.1% for 1 patient), demonstrating that the MRM-MS assay 
readily identified small changes in AFP-L3 at low AFP concentrations due to the 
lower background noise and higher dynamic range in measuring AFP-L3 responses 
than with LiBA. The MRM-MS assay could determine a low cutoff value by 
quantifying low values of AFP-L3, resulting in a reduced false-negative rate, 
allowing effective HCC screening. 
 The AUROC values were 0.761 (95% CI, 0.707–0.814) and 0.721 (95% CI, 
0.662–0.780) in distinguishing HCC from chronic hepatitis and liver cirrhosis, 
respectively, based on APIVKA-II measurements by SRM-MS assay, whereas the 
values by LiBA were 0.680 and 0.695, respectively (Figure 11). In all cases, the 
AUROC values by MRM-MS assay were higher (differing by 0.026–0.081) than 
those by LiBA. By DeLong test, the MRM-MS assay performed significantly better 
in distinguishing HCC from hepatitis than LiBA (P = 0.0009), whereas the assays 
performed similarly in differentiating HCC from liver cirrhosis (P = 0.1361). Overall, 
the MRM-MS assay outperformed LiBA in diagnosing HCC patients by quantifying 






Figure 9. Comparison of AFP and AFP-L3 measurements between MRM-MS assay and LiBA. 
For AFP (A–C) and AFP-L3 (D–F), ROC curves (A and D) and plot-versus-criterion values (B, C, E, and F) were plotted for HCC versus the 
high-risk HCC group (chronic hepatitis plus liver cirrhosis) by MRM-MS assay (red line) and LiBA (blue line), respectively. Delong test was used 
to determine whether the difference in area under the ROC values was significant. For the plot-versus-criterion values, the solid and dashed lines 
indicate the diagnostic sensitivity and specificity, respectively. The ROC curves for AFP-L3% formed a str ight line due to the small number of 
detectable samples in the high-risk HCC group.  
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Table 5. Comparison of diagnostic power with cutoff value between assays. 





AFP             
  MRM-MS 0.766 0.721–0.806 5.995 76.00 77.50 
        9.323 70.50 80.00 
        17.83 56.50 90.00 
        24.21 49.00 95.00 
  LiBA 0.740 0.694–0.782 5.900 59.00 89.50 
        4.750 63.50 80.00 
        6.550 55.25 90.00 
        9.567 46.50 95.00 
AFP-L3             
  MRM-MS 0.854 0.815–0.887 0.132 81.00 89.50 
        0.132 81.00 80.00 
        2.101 60.50 90.00 
        5.526 40.00 95.00 
  LiBA 0.767 0.722–0.807 0.500 61.50 90.00 
        0.500 61.50 80.00 
        0.500 61.50 90.00 
        6.700 34.50 95.00 
AFP, alpha-fetoprotein; AFP-L3, lens culinaris agglutinin-reactive fraction of alpha-fetoprotein; MRM-MS, multiple reaction monitoring-mass 
spectrometry; LiBA, liquid-phase binding assay; AUROC, area under the receiver operating characteristic; CI, confidence interval. 





Figure 10. AFP-L3 measurements by MRM-MS assay compared to LiBA. 
AFP-L3 values (y-axis) of the 39 HCC samples in which AFP-L3 was detected 
exclusively by MRM-MS assay but not LiBA, and AFP values (x-axis) as measured 
by LiBA for 39 HCC samples. The range of AFP-L3% was 0.18% to 22.1%, and the 
dotted line indicates the optimal cutoff values, which were 5.90 ng/mL and 0.132% 
for AFP by LiBA and AFP-L3 by MRM-MS assay, respectively. Further, 24 HCC 
samples (red dotted) were estimated to be below the cutoff of AFP by LiBA but were 




Figure 11. Comparison of PIVKA-II measurements between MRM-MS assay and LiBA. 
For hepatitis versus HCC (A), the AUROC values were 0.680 and 0.761 for LiBA (blue) and SRM-MS (red), respectively. The optimal cutoff 
values were 24.50 ng/mL, 233.00 ng/mL for LiBA and MRM-MS, respectively, and the sensitivity and specificity were 51.78% and 80.00%, and 
59.00% and 80.00%, respectively. For liver cirrhosis versus HCC (B), the AUROC values were 0.695 and 0.721 for LiBA and MRM-MS, 
respectively the optimal cutoff values were 24.50 ng/mL, 314.30 ng/mL for LiBA and MRM-MS, respectively, and the sensitivity and specificity 
were 51.78% and 78.79%, and 51.00% and 79.00%, respectively.  
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3.1.6. Method Comparison of the Two Assays 
The performance of the SRM-MS assay was compared with that of the μTAS Wako 
i-30 autoanalyzer platform (Wako Pure Chemical Industries, Ltd, Osaka, Japan), 
which is the current FDA cleared standard liquid-phase binding assay (LiBA) system. 
The sample population, comprising chronic hepatitis (n=100), liver cirrhosis (n=100), 
and HCC (n=200), was analyzed by SRM-MS and LiBA. Because HCC is screened 
only in the high-risk HCC group, the reference interval for normal subjects was not 
evaluated. (Figure 12). The scatterplots and Deming regression equation for the 
comparison of AFP and AFP-L3 were LiBA = 0.799 [95% confidence interval (CI), 
0.759–0.838] × MRM-MS + 0.286 for AFP when using 396 samples (Pearson 
correlation coefficient, R = 0.895; 95% CI, 0.873–0.913; P < 0.0001) and LiBA = 
0.968 [95% CI, 0.851–1.084] x MRM-MS + 0.333 for AFP-L3 when using 141 
samples (R = 0.813; 95% CI, 0.748–0.862; P < 0.0001), respectively (Figure 13 A–
D and 14A–C and Table 6). In comparing the 2 assays using Bland-Altman plots, the 
MRM-MS assay had a mean positive bias of 0.340 (log2-scale in ng/mL; 95% CI, -
2.569–3.249) for AFP and a mean negative bias of 0.231 (log2-scale in %; 95% CI, 
-2.200–1.738) for AFP-L3% (Figure 13E–H and 14D–F and Table 6). This result 
demonstrates that the LiBA underestimated the concentrations of AFP and AFP-L3 
versus the MRM-MS assay. 
 The distribution of PIVKA-II concentrations in each group is shown in 
Figure 15. The 95% central ranges, as measured by SRM-MS and LiBA, were 21.3–
494.0 ng/mL (median, 113.3 ng/mL) and 12.0–30.0 ng/mL (median, 19.0 ng/mL) for 
chronic hepatitis, respectively; 16.2–879.9 ng/mL (median, 111.1 ng/mL) and 1.8–
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34.0 ng/mL (median, 7.8 ng/mL) for liver cirrhosis, respectively; and 44.3–149641.0 
μg/mL (median 325.7 ng/mL) and 11.0–9708.0 ng/mL (26.0 ng/mL) for HCC, 
respectively. The range of the quantified distribution of SRM-MS was wider than 
that of LiBA. The expression of PIVKA-II in the HCC group, as measured by SRM-
MS assay and LiBA, was significantly higher (Mann-Whitney test, P < 0.001) 
compared with the chronic hepatitis and liver cirrhosis groups. The Deming 
regression equation for the comparison of PIVKA-II was LiBA = 0.716 × SRM-MS 
- 0.226 (Pearson correlation coefficient, R = 0.893; 95% CI, 0.871–0.911; P < 
0.0001), as in shown in Figure 16A. In comparing the 2 assays using Bland-Altman 
plots, the SRM-MS assay had a mean positive bias of 0.926 (log-scale in ng/mL, 95% 





Figure 12. Quantitative distribution of AFP and AFP-L3(%) 
Distribution of AFP concentrations for chronic hepatitis (n = 100, in green), liver cirrhosis (n = 100, in blue), and HCC (n = 200, in red) groups 
measured by the MRM-MS assay and LiBA (A). AFP-L3 was analyzed by two assays, and the comparison between MRM-MS assay and LiBA 
was conducted with regard to AFP-L3% in serum of HCC patients (B). AFP-L3% in the serum of HCC patients (red dot) was detected only by the 
MRM-MS assay. The middle line indicates the median value. The dashed line indicates the cutoff value (0.132%) of AFP-L3% by MRM-MS 






Figure 13. Correlation between AFP values as measured by MRM-MS assay and LiBA. 
MRM-MS assay was compared with LiBA with regard to the concentration of AFP in 396 patients who were detectable by both assays. Deming 
regression (A–D) and Bland-Altman plots (E–H) were analyzed according to the concentration intervals of AFP, as measured by MRM-MS assay 
[entire concentration range (A, E); ≤ 5 ng/mL (B, F); 5–500 ng/mL (C, G); and > 500 ng/mL (D, H)]. The black line represents the mean difference 






Figure 14. Correlation between AFP-L3 values as measured by MRM-MS assay and LiBA. 
MRM-MS assay was compared with LiBA with regard to the concentration of AFP-L3 in 141 patients with HCC who were detectable by both 
assays. Deming regression (A–C) and Bland-Altman plots (D–F) were analyzed according to the concentration intervals of AFP-L3, as measured 
by MRM-MS assay [entire concentration range (A, D); ≤ 10% (B, E); and > 10% (C, F)]. The black line represents the mean difference between 
the 2 assays. The grey line represents unity (y=x), and the dotted line (dashed line) indicates the 95% CI of the mean difference. 
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Table 6. Correlation between assays by concentration interval of AFP and AFP-L3(%). 











AFP             
  AMR 396 0.799 
(0.759 to 0.838) 
0.286 
(0.107 to 0.464) 
0.895 
(0.873 to 0.913) 
0.340 
(-2.569 to 3.249) 
  ≤ 5 ng/mL 188 0.544 
(0.284 to 0.803) 
0.883 
(0.637 to 1.128) 
0.290 
(0.154 to 0.416) 
-0.733 
(-2.651 to 1.184) 
  5–500 ng/mL 177 1.178 
(1.055 to 1.301) 
-2.239 
(-2.864 to -1.614) 
0.819 
(0.763 to 0.862) 
1.385 
(-0.729 to 3.499) 
  > 500 ng/mL 31 2.300 
(1.107 to 3.492) 
-14.34 
(-26.76 to -1.920) 
0.591 
(0.299 to 0.782) 
0.881 
(-2.055 to 3.817) 
AFP-L3   
          
  AMR 141 0.968 
(0.851 to 1.084) 
0.333 
(-0.081 to 0.747) 
0.813 
(0.748 to 0.862) 
-0.231 
(-2.200 to 1.738) 
  ≤ 10% 84 0.945 
(0.693 to 1.196) 
0.483 
(-0.081 to 1.047) 
0.636 
(0.488 to 0.748) 
-0.369 
(-1.832 to 1.094) 
  > 10% 57 1.535 
(0.873 to 2.196) 
-2.516 
(-5.751 to 0.718) 
0.531 
(0.314 to 0.696) 
-0.028 
(-2.528 to 2.471) 
AFP, alpha-fetoprotein; AFP-L3, lens culinaris agglutinin-reactive fraction ofalpha-fetoprotein; AMR, analytical measurement range; CI, 




Figure 15. Quantitative distribution of PIVKA-II by MRM-MS assay and LiBA. 
Distribution of PIVKA-II concentrations for chronic hepatitis (n=100, in green), 
liver cirrhosis (n=100, in blue), and HCC (n=200, in red) groups, as measured by 




Figure 16. Correlation between PIVKA-II values as measured by SRM-MS assay and LiBA, respectively. 
The gray line represents the line of identity (y=x), and the black line indicates the Deming line. The 95% confidence intervals (CIs) derived from 
the Deming slopes and intercepts are 0.680 to 0.752 and -0.320 to -0.131, respectively (A). Bland-Altman plot for PIVKA-II shows the difference 
in measured concentrations between SRM-MS and LiBA (B). The solid line represents the mean difference between assays, and the dotted line 
(dashed line) indicates the 1.96 standard deviation (SD) interval of the mean difference.
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3.2. Method validation of the MRM-MS assay for AFP, AFP-L3 and PIVKA-II 
3.2.1 Calibration curve 
The limit of detection (LOD) and limit of quantification (LOQ) were determined, 
based on the mean values from the zero samples plus 3 and 10 times the standard 
deviation (SD), respectively. To determine the LLOQ, samples at 5 concentrations 
(GYQELLEK and VDFTEOIQK; 0.005–0.500 ng/mL, ERECVEETCSY; 0.10–5.00 
ng/mL) that were close to the predetermined LOD were analyzed in 3 replicates in 1 
d. The lowest concentration that met the precision [c efficient of variation (CV) < 
20%], recovery of assay (within ± 15% of target), and signal-to-noise (S/N > 5) 
criteria was selected as the LLOQ. The LLOQs for GYQELLEK (representing AFP) 
and VDFTEIQK (representing AFP-L3) were both 0.051 ng/mL, and LLOQ for 
ERECVEETCSY (representing PIVKA-II) was 1.28 ng/mL. 
 A weighted 1/x linear regression model and logarithm c distribution 
weights were fitted to each dataset. The calibration curves showed good linearity, as 
evidenced by the coefficient of determination (R2) > 0.98 for AFP, AFP-L3 and > 
0.99 for PIVKA-II (Figure 17). For each respective matrix, the bias from the mean 
slope were within ± 4% (AFP and AFP-L3), and ± 6% (PIVKA-II). In the reverse 
calibration curves, for the GYQELLEK and VDFTEIQK peptides, 7 of 8 calibrators 
(87.5%) had an acceptable bias within 15%, whereas, for ERECVEETCSY, all 
calibrators had an acceptable bias within 15%. The detailed results of the calibration 




Figure 17 Evaluation of calibration curves. 
The reverse and forward calibration curves for GYQELL K (A), VDFTEIQK (B), ERECVEETCSY (C) were constructed with 8 concentration 
points using 6 matrices. The x-axis is the concentration ratio, transformed on a log2 scale, and the y-axis is the peak area ratio, transformed on a 
log2 scale. Error bars represent the standard deviations of the 3 measurements. 
R2, coefficient of determination; Sy|x, standard deviation of residual. 
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Table 7. Results of reverse and forward calibration curve of GYQELLEK, VDFTEIQK peptides.  
Calibration 





















      Expected 
conc. (ng/mL) 




GYQELLEK     
                    




0.004 0.034 0.148 0.352 0.459 0.926 1.919 3.371 6.314 13.197 
      SD 0.002 0.015 0.012 0.024 0.038 0.031 0.110 0.098 0.370 0.684 
      CV (%) 43.647 43.558 7.786 6.838 8.265 3.302 5.712 2.903 5.860 5.181 




0.016 0.044 0.148 0.251 0.437 0.881 1.630 3.346 6.050 11.593 
      SD 0.007 0.005 0.004 0.008 0.073 0.089 0.067 0.126 0.806 1.703 
      CV (%) 40.648 11.261 2.736 3.039 16.758 10.088 4.107 3.751 13.317 14.691 




0.031 0.006 0.149 0.319 0.502 0.949 1.961 3.377 5.999 12.096 
      SD 0.012 0.005 0.006 0.066 0.055 0.059 0.135 0.097 0.637 1.006 
      CV (%) 37.632 80.972 3.836 20.772 10.925 6.220 6.893 2.878 10.624 8.320 




0.390 0.009 0.142 0.295 0.535 0.912 1.935 3.289 6.785 13.022 
      SD 0.379 0.009 0.003 0.073 0.047 0.152 0.096 0.074 0.523 0.702 
      CV (%) 97.374 97.748 1.874 24.882 8.751 16.684 4.986 2.259 7.701 5.387 




0.220 0.015 0.153 0.304 0.555 0.946 1.843 3.246 6.422 12.468 
      SD 0.103 0.005 0.010 0.038 0.078 0.021 0.113 0.086 0.212 0.318 
      CV (%) 46.791 35.223 6.546 12.535 13.975 2.235 6.125 2.649 3.306 2.549 
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0.045 0.020 0.143 0.280 0.513 0.973 1.713 3.245 5.974 12.695 
      SD 0.047 0.016 0.004 0.016 0.072 0.040 0.193 0.158 0.149 0.489 
      CV (%) 104.094 83.351 2.800 5.664 14.053 4.122 11.263 4.866 2.494 3.850 
    Mean
a Mean 
Area ratio 
0.118 0.021 0.147 0.300 0.500 0.931 1.834 3.312 6.257 12.512 
      SD 0.155 0.015 0.004 0.034 0.045 0.032 0.134 0.060 0.316 0.597 
      CV (%) 131.988 69.386 2.937 11.474 8.974 3.452 7.310 1.823 5.045 4.772 
    Bias
b Mean 
Area ratio 
N/A N/A 100.405 128.293 94.524 91.749 103.750 94.637 97.010 114.621 
      SD N/A N/A 12.973 26.850 17.290 8.403 11.638 10.699 7.846 6.302 
      CV (%) N/A N/A 12.921 20.929 18.291 9.159 11.217 11.305 8.088 5.498 
  
    Signal-to-
noisec 
(S/N) 
N/A N/A 10.754 14.000 23.321 43.414 85.479 154.422 291.708 583.291 
  VDFTEIQK               




0.011 0.010 0.092 0.220 0.322 0.669 1.056 2.341 4.531 7.989 
              
      SD 0.007 0.003 0.005 0.013 0.022 0.040 0.038 0.093 0.093 0.080 
      CV (%) 61.198 33.544 5.073 5.781 6.943 5.980 3.581 3.953 2.060 1.002 




0.010 0.009 0.099 0.188 0.341 0.524 1.080 2.173 4.143 7.716 
      SD 0.002 0.005 0.002 0.015 0.019 0.094 0.007 0.106 0.281 0.715 
      CV (%) 18.565 50.229 1.838 8.232 5.578 18.026 0.621 4.865 6.772 9.263 




0.036 0.018 0.097 0.169 0.355 0.635 1.030 2.234 4.367 7.497 
      SD 0.012 0.007 0.002 0.007 0.012 0.045 0.018 0.138 0.025 0.192 
      CV (%) 33.992 42.659 2.561 4.414 3.285 7.103 1.755 6.164 0.563 2.562 
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0.087 0.029 0.096 0.186 0.322 0.609 1.063 2.391 4.322 7.818 
      SD 0.037 0.009 0.006 0.005 0.014 0.052 0.021 0.129 0.110 0.245 
      CV (%) 42.973 31.102 5.768 2.682 4.188 8.541 1.959 5.386 2.551 3.132 




0.083 0.007 0.092 0.178 0.345 0.624 1.058 1.871 3.701 6.767 
      SD 0.008 0.001 0.006 0.003 0.014 0.005 0.021 0.018 0.158 0.371 
      CV (%) 9.503 17.899 6.213 1.601 4.097 0.807 1.956 0.984 4.261 5.480 




0.039 0.017 0.090 0.149 0.324 0.561 1.019 1.877 3.681 6.604 
      SD 0.020 0.002 0.002 0.031 0.012 0.053 0.042 0.167 0.064 0.213 
      CV (%) 52.626 12.493 2.255 20.776 3.782 9.371 4.150 8.886 1.730 3.218 
    Mean
a Mean 
Area ratio 
0.044 0.015 0.094 0.182 0.335 0.604 1.051 2.148 4.124 7.398 
      SD 0.034 0.008 0.003 0.023 0.014 0.053 0.023 0.226 0.358 0.577 
      CV (%) 76.307 55.361 3.663 12.888 4.155 8.748 2.147 10.503 8.668 7.798 
    Bias
b Mean N/A N/A 101.177 110.666 107.337 99.017 82.402 103.313 111.374 101.403 
      SD N/A N/A 11.331 25.904 15.894 16.142 10.884 12.469 5.376 6.445 
      CV (%) N/A N/A 11.200 23.407 14.807 16.302 13.208 12.070 4.827 6.356 
      Signal to noise
c 
(S/N) 





    
          




24.636 0.557 0.610 0.599 0.672 1.201 1.811 3.665 7.368 17.228 
      SD 20.154 0.027 0.070 0.057 0.044 0.130 0.163 0.457 0.436 1.401 
      CV (%) 81.809 4.804 11.448 9.522 6.513 10.846 8.976 12.482 5.915 8.135 
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144.076 0.549 0.688 0.672 0.755 1.436 1.955 3.917 6.580 17.640 
      SD 113.589 0.163 0.094 0.103 0.082 0.058 0.111 0.247 0.084 0.375 
      CV (%) 78.839 29.729 13.726 15.271 10.807 4.039 5.684 6.311 1.269 2.124 




0.536 0.603 0.776 0.660 0.628 1.192 2.059 4.363 7.325 15.920 
      SD 0.078 0.092 0.022 0.071 0.189 0.113 0.442 0.399 0.613 0.338 
      CV (%) 14.483 15.229 2.772 10.728 30.071 9.446 21.465 9.152 8.371 2.125 




49.804 0.508 0.684 0.562 0.745 1.242 2.219 4.023 6.997 17.453 
      SD 67.515 0.039 0.022 0.028 0.086 0.240 0.108 0.301 0.231 0.397 
      CV (%) 135.560 7.663 3.194 4.933 11.570 19.288 4.854 7.486 3.298 2.276 




103.628 0.541 0.603 0.657 0.826 1.179 1.985 3.850 7.079 17.120 
      SD 68.153 0.035 0.014 0.060 0.068 0.019 0.187 0.149 0.534 0.390 
      CV (%) 65.767 6.558 2.403 9.158 8.189 1.605 9.396 3.876 7.544 2.281 




59.813 0.634 0.724 0.587 0.590 1.373 2.173 3.943 6.925 17.580 
      SD 32.084 0.101 0.080 0.119 0.134 0.064 0.204 0.445 0.692 1.000 
      CV (%) 53.640 15.954 11.002 20.360 22.677 4.680 9.403 11.273 9.988 5.688 
    Mean
a Mean 
Area ratio 
63.749 0.565 0.681 0.623 0.703 1.270 2.034 3.960 7.046 17.157 
      SD 52.494 0.046 0.067 0.046 0.088 0.108 0.150 0.231 0.289 0.638 
    CV (%) 82.346 8.055 9.775 7.338 12.529 8.466 7.377 5.841 4.098 3.720 
  VDFTEIQK              




29.302 0.404 0.370 0.357 0.408 0.587 1.149 2.307 4.535 8.567 
      SD 17.387 0.026 0.076 0.035 0.036 0.037 0.115 0.136 0.138 0.357 
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      CV (%) 59.336 6.345 20.579 9.907 8.931 6.325 9.996 5.883 3.052 4.166 




26.319 0.302 0.362 0.375 0.424 0.631 1.106 2.515 4.618 8.878 
      SD 1.287 0.012 0.037 0.026 0.049 0.023 0.042 0.157 0.360 0.361 
      CV (%) 4.892 3.858 10.296 7.011 11.476 3.703 3.773 6.243 7.804 4.069 




0.416 0.362 0.345 0.313 0.409 0.584 1.260 2.272 4.307 8.449 
      SD 0.048 0.009 0.044 0.016 0.050 0.083 0.065 0.031 0.272 0.189 
      CV (%) 11.500 2.457 12.675 5.167 12.282 14.230 5.152 1.375 6.326 2.233 




22.883 0.376 0.336 0.365 0.441 0.570 1.111 2.117 4.235 8.421 
      SD 4.088 0.026 0.008 0.020 0.017 0.040 0.104 0.023 0.184 0.207 
      CV (%) 17.866 6.957 2.475 5.544 3.801 6.932 9.355 1.078 4.348 2.453 




32.121 0.303 0.350 0.388 0.419 0.628 1.044 2.575 4.523 8.300 
      SD 9.641 0.024 0.034 0.043 0.014 0.033 0.038 0.161 0.078 0.330 
      CV (%) 30.015 7.979 9.799 10.992 3.388 5.194 3.603 6.260 1.725 3.974 




39.020 0.368 0.383 0.423 0.417 0.605 1.162 2.313 4.403 8.502 
      SD 18.443 0.005 0.040 0.037 0.003 0.010 0.012 0.163 0.160 0.157 
      CV (%) 47.264 1.317 10.427 8.631 0.797 1.674 0.991 7.063 3.642 1.850 
    Mean
a Mean 
Area ratio 
25.010 0.353 0.358 0.370 0.420 0.601 1.139 2.350 4.437 8.520 
      SD 13.239 0.041 0.017 0.036 0.012 0.025 0.072 0.168 0.147 0.197 
      CV (%) 52.934 11.681 4.872 9.863 2.884 4.128 6.348 7.164 3.317 2.311 
SD, standard deviation; CV, coefficient of variation; N/A, not applicable. 
a The values were the mean of the peak area ratio from each of the 6 different matrices. 
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b Calculated by averaging the difference between nomi al (expected) values and back-calculated values using each equation from the 6 matrices. 
c Calculated by dividing the peak area ratio of each calculator (1–8) by that of the zero sample.  
Underline indicates that the value did not meet the crit ria. 
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Table 8. Results of reverse and forward calibration curve of ERECVEETCSY peptide. 
Calibration 
























N/A N/A 1.28 6.4 32 160 800 4000 20000 100000 
response curve conc. (ng/mL) 
                  
  Matrix 1 Mean Area ratio 0.097 0.077 0.151 0.279 0.503 0.905 1.583 2.739 5.085 8.841 
    STDEV 0.036 0.017 0.005 0.008 0.014 0.004 0.032 0.033 0.019 0.248 
    CV (%) 37.689 21.962 3.196 2.727 2.844 0.479 2.015 1.22 0.366 2.81 
  Matrix 2 Mean Area ratio 0.047 0.041 0.158 0.272 0.512 0.911 1.581 2.704 5.052 8.935 
    STDEV 0.036 0.015 0.025 0.014 0.01 0.018 0.047 0.027 0.024 0.609 
    CV (%) 76.142 35.899 15.848 5.159 1.906 1.949 2.97 0.996 0.467 6.813 
  Matrix 3 Mean Area ratio 0.019 0.029 0.155 0.28 0.506 0.909 1.649 2.673 5.051 8.906 
    STDEV 0.007 0.009 0.005 0.019 0.011 0.006 0.06 0.116 0.018 0.145 
    CV (%) 37.774 30.534 3.548 6.732 2.145 0.614 3.639 4.346 0.35 1.629 
  Matrix 4 Mean Area ratio 0.403 0.027 0.149 0.283 0.521 0.912 1.579 2.905 4.996 8.629 
    STDEV 0.198 0.008 0.029 0.008 0.012 0.03 0.089 0.152 0.064 0.214 
    CV (%) 49.001 30.087 19.678 2.71 2.215 3.255 5.612 5.227 1.286 2.474 
  Matrix 5 Mean Area ratio 0.418 0.017 0.173 0.28 0.496 0.991 1.57 2.909 4.904 8.906 
    STDEV 0.189 0.004 0.003 0.008 0.014 0.088 0.063 0.301 0.45 0.319 
    CV (%) 45.138 26.294 1.988 2.706 2.898 8.908 4.034 10.363 9.185 3.587 
  Matrix 6 Mean Area ratio 0.129 0.097 0.152 0.284 0.524 0.925 1.612 2.894 5.113 8.766 
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    STDEV 0.041 0.057 0.015 0.007 0.04 0.299 0.015 0.14 0.503 0.622 
    CV (%) 31.57 58.726 9.828 2.321 7.698 32.344 0.936 4.83 9.839 7.091 
  Averagea Mean Area ratio 0.185 0.048 0.156 0.28 0.51 0.925 1.596 2.804 5.034 8.831 
    STDEV 0.179 0.032 0.009 0.004 0.011 0.033 0.03 0.11 0.074 0.116 
    CV (%) 96.288 66.34 5.558 1.512 2.129 3.532 1.859 3.934 1.477 1.31 
  Biasb Mean Area ratio N/A N/A 98.032 98.213 105.325 114.121 101.666 98.773 101.078 97.199 
    STDEV N/A N/A 8.362 6.485 9.289 10.663 6.117 10.102 3.492 5.058 
    CV (%) N/A N/A 8.53 6.603 8.82 9.343 6.017 10.228 3.454 5.204 
    
Signal to noisec 
N/A N/A 5.001 6.944 12.661 22.957 39.581 69.555 124.863 219.052 
(S/N) 
Forward 
                        
response curve 
  Matrix 1 Mean Area ratio 3.016 0.604 0.538 0.742 0.513 0.909 1.697 2.85 5.079 8.914 
    STDEV 2.058 0.077 0.148 0.188 0.203 0.057 0.149 0.314 0.594 0.574 
    CV (%) 68.24 12.728 27.579 25.333 39.659 6.323 8.761 11.011 11.696 6.441 
  Matrix 2 Mean Area ratio 6.336 1.319 0.737 0.566 0.519 0.89 1.531 2.855 4.914 8.571 
    STDEV 5.002 0.631 0.115 0.05 0.065 0.151 0.217 0.274 1.464 1.434 
    CV (%) 78.955 47.818 15.571 8.91 12.439 16.916 14.179 9.59 29.796 16.734 
  Matrix 3 Mean Area ratio 0.61 10.395 0.575 0.578 0.509 0.899 1.529 2.847 5.073 9.004 
    STDEV 0.113 7.715 0.047 0.278 0.08 0.23 0.292 0.292 0.96 0.543 
    CV (%) 18.596 74.211 8.195 48.091 15.688 25.528 19.074 10.25 18.917 6.033 
  Matrix 4 Mean Area ratio 18.839 0.427 0.55 0.445 0.516 0.9 1.588 2.817 5.123 8.712 
    STDEV 3.828 0.067 0.119 0.075 0.043 0.163 0.3 0.025 0.767 1.598 
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    CV (%) 20.317 15.725 21.578 16.918 8.344 18.078 18.916 0.889 14.982 18.344 
  Matrix 5 Mean Area ratio 40.715 0.477 0.528 0.41 0.523 0.881 1.592 2.832 5.286 8.921 
    STDEV 27.94 0.074 0.094 0.065 0.052 0.381 0.125 0.224 0.095 0.839 
    CV (%) 68.623 15.51 17.73 15.83 9.924 43.174 7.88 7.909 1.789 9.4 
  Matrix 6 Mean Area ratio 20.005 0.771 0.455 0.551 0.636 0.892 1.559 2.901 5.185 8.702 
    STDEV 1.814 0.317 0.068 0.098 0.206 0.156 0.188 0.179 0.399 1.097 
    CV (%) 9.07 41.126 14.935 17.707 32.406 17.444 12.073 6.185 7.705 12.602 
  Averagea Mean Area ratio 14.92 2.332 0.564 0.549 0.536 0.895 1.583 2.851 5.11 8.804 
    STDEV 15.012 3.963 0.094 0.117 0.049 0.009 0.062 0.028 0.125 0.167 
  CV (%) 100.615 169.938 16.631 21.351 9.188 1.051 3.92 0.997 2.438 1.896 
SD, standard deviation; CV, coefficient of variation; N/A, not applicable. 
a The values were the mean of the peak area ratio from each of the 6 different matrices. 
b Calculated by averaging the difference between nomi al (expected) values and back-calculated values using each equation from the 6 matrices. 
c Calculated by dividing the peak area ratio of each calculator (1–8) by that of the zero sample. 
Underline indicates that the value did not meet the crit ria.  
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Table 9. Comparison between matrices of the calibration curve. 
 
SD, standard deviation; Sy/x, standard deviation of residual; R2, coefficient of determination. 
a Bias (%) = 
(slope of each of matrix - mean slope)
mean slope
× 100  
Mean SD Mean SD
Reverse
calibration curve
Matrix 1 0.389 0.011 -0.223 0.611 0.060 0.169 0.995
Matrix 2 0.393 0.006 0.848 0.468 0.031 0.089 0.999
Matrix 3 0.384 0.006 -1.449 0.588 0.032 0.090 0.999
Matrix 4 0.397 0.005 1.748 0.602 0.028 0.080 0.999
Matrix 5 0.385 0.004 -1.238 0.605 0.023 0.064 0.999
Matrix 6 0.391 0.004 0.239 0.547 0.024 0.067 0.999
Mean 0.390 0.005 0.570 0.055 0.093 0.998
VDFTEIQK
Matrix 1 0.391 0.010 0.969 -0.005 0.053 0.150 0.996
Matrix 2 0.386 0.008 -0.134 -0.090 0.043 0.122 0.997
Matrix 3 0.390 0.007 0.791 -0.066 0.035 0.099 0.998
Matrix 4 0.393 0.006 1.574 -0.052 0.031 0.089 0.999
Matrix 5 0.376 0.005 -2.823 -0.156 0.024 0.069 0.999
Matrix 6 0.385 0.005 -0.498 -0.233 0.028 0.080 0.999
Mean 0.387 0.006 -0.100 0.082 0.101 0.998
ERECVEETCSY
Matrix 1 0.360 0.002 0.531 0.391 0.011 0.031 1.000
Matrix 2 0.358 0.002 0.112 0.395 0.013 0.037 1.000
Matrix 3 0.358 0.003 0.112 0.399 0.016 0.044 1.000
Matrix 4 0.359 0.004 0.391 0.398 0.020 0.056 0.999
Matrix 5 0.353 0.005 -1.481 0.428 0.024 0.068 0.999
Matrix 6 0.359 0.003 0.363 0.410 0.015 0.042 1.000
Average 0.358 0.003 0.403 0.014 0.046 1.000
Forward
calibration curve
Matrix 1 0.397 0.022 2.199 0.810 0.097 0.213 0.988
Matrix 2 0.374 0.027 -4.007 0.941 0.119 0.263 0.979
Matrix 3 0.400 0.010 2.980 0.828 0.044 0.097 0.998
Matrix 4 0.384 0.018 -1.242 0.930 0.081 0.178 0.991
Matrix 5 0.377 0.025 -3.178 0.920 0.110 0.243 0.983
Matrix 6 0.400 0.021 2.762 0.855 0.091 0.201 0.989
Mean 0.388 0.012 0.881 0.056 0.199 0.988
VDFTEIQK
Matrix 1 0.392 0.016 1.259 0.025 0.070 0.155 0.993
Matrix 2 0.391 0.017 1.032 0.078 0.077 0.169 0.992
Matrix 3 0.387 0.015 -0.095 0.036 0.065 0.143 0.994
Matrix 4 0.380 0.022 -1.753 0.010 0.097 0.215 0.987
Matrix 5 0.386 0.020 -0.147 0.054 0.088 0.194 0.989
Matrix 6 0.386 0.015 -0.355 0.045 0.066 0.147 0.994
Mean 0.387 0.004 0.041 0.024 0.170 0.992
ERECVEETCSY
Matrix 1 0.354 0.004 0.007 0.440 0.016 0.035 1.000
Matrix 2 0.351 0.003 -0.003 0.402 0.015 0.033 1.000
Matrix 3 0.358 0.003 0.018 0.405 0.014 0.031 1.000
Matrix 4 0.354 0.002 0.005 0.418 0.010 0.022 1.000
Matrix 5 0.357 0.004 0.015 0.424 0.019 0.042 0.999
Matrix 6 0.337 0.013 -0.043 0.503 0.055 0.122 0.995











3.2.1.1. Estimation of the LLOQ of AFP-L3% by MRM-MS assay 
To estimate the LLOQ of AFP-L3%, I mixed the 2 HCC serum samples, because 
there was a lack of authentic standard material for the glycosylated form of AFP-L3. 
Serum A (high AFP-L3) and B (low AFP-L3) were selected, based on the 
concentrations as measured by LiBA. Two HCC serum sa ples were mixed at 
varying proportions (100:0, 0:100, 1:99, 2:98, 3:97, 4:96, and 5:95). All samples 
were analyzed in 3 replicates in 1 d (Table 10) 
The measured concentration of the unmixed samples and the ratio at which they were 
mixed were taken into account when calculating the expected concentration of the 
mixed sample. The bias between the expected and measured values ranged from 
0.132% to 0.222% for AFP-L3, which was within the sati factory range of ± 15%. 
The lowest concentration (0.132%) with low bias and high precision (CV < 15%) 




Table 10. Lower limit of quantification evaluation of AFP-L3% in clinical 
samples. 
Mixing ratio Sample A 100.0 0.0 1.0 2.0 3.0 4.0 5.0 
  Sample B 0.0 100.0 99.0 98.0 97.0 96.0 95.0 
AFP (ng/mL) Expected 
conc. 
(ng/mL)a 





452.816 772.943 835.358 716.627 736.629 780.700 847.419 
  SD 15.023 24.320 78.158 23.135 44.633 64.457 34.473 
  CV (%) 3.318 3.146 9.356 3.228 6.059 8.256 4.068 
  Bias (%)c 0.000 0.000 8.524 -6.512 -3.499 2.705 11.954 
AFP-L3 (ng/mL) Expected 
conc. 
(ng/mL)a 





33.617 0.000 0.032 0.393 0.951 1.413 1.864 
  SD 1.887 NA 0.019 0.068 0.070 0.097 0.072 
  CV (%) 5.612 NA 59.477 17.399 7.342 6.888 3.859 
  Bias (%)c 0.000 0.000 -90.616 -41.522 -5.714 5.094 10.861 
AFP-L3 (%) Expected 
conc. (%)a 
7.422 0.000 0.044 0.088 0.132 0.177 0.222 
  Measured 
conc. (%)b 
7.422 0.000 0.004 0.055 0.129 0.181 0.220 
  SD 0.260 NA 0.002 0.009 0.010 0.006 0.018 
  CV (%) 3.508 NA 56.949 16.534 7.599 3.118 8.066 
  Bias (%)c 0.000 0.000 -91.569 -37.482 -2.152 2.424 -0.759 
standard deviation; CV, coefficient of variation; NA, not applicable. 
a Calculated by measuring the concentration of 2 unmixed samples and then applying the mixed ratio 
of the 2 samples. 
b Calculated based on mean value of 3 replicates. 
c Bias (%) = 





3.2.2. Analytical specificity (selectivity or interference) 
Analytical specificity was deemed to be satisfactory per FDA, KFDA, and EMA 
standards if the calculated percentages of the interferents were less than 20% of that 
of the LLOQ sample and if the peak areas of the intrnal standard were less than 5% 
of those of the LLOQ. The data that I used to calcul te the actual analytical 
specificity can be found in Table 11. 
 The CLSI guidelines dictate that if the mean ion ratio [(qualifier ion signal 
(2nd most intense ion) )/( quantifier ion signal (most intense ion) )] of the internal 
standard is above 50% in all patient samples, the ion ratio for each patient sample 
should be within 20% of the mean ion ratio. For the GYQELLEK and VDFTEIQK 
peptides in all patient samples, the mean ion ratios were 70.7% and 97.8%, 
respectively, and 8 patients (2.0% for GYQELLEK peptide) and 6 patients (1.5% for 
VDFTEIQK peptide) had deviations in %difference of over 20% from the mean ion 
ratios. 
 All blank samples were examined for chromatographic interference at the 
expected retention times of the analyte and internal standard. Under the optimized 
MRM-MS conditions, no interference from the matrix was observed at the retention 
time for GYQELLEK and VDFTEIQK. In addition, if the peaks of interest become 
split in the LC chromatogram, the analyte or internal standard peptides are influenced 
by interfering substances. Of the 400 patient samples, split peaks were observed in 
the LC chromatogram for 0.50% (n = 2) and 14.75% (n = 59) of samples for the 
GYQELLEK and VDFTEIQK peptides, respectively. 
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 For ERECVEETCSY peptide, the specificity of the b7 ion at a single charge 
did not meet the IS criteria (Table 12). The b7 ion at a single charge was selected to 
quantify a product ion, based on its highest intensi y. In the method validation 
experiments, the results with the b7 product ion met all of the criteria except for the 
specificity of the internal standard. The tyrosine (Tyr, Y) residue in the labeled target 
peptide (ERECVEETCSY) was labeled. The b7 ions of the labeled and unlabeled 
peptide had the same m/z values, because the b7 ion did not contain the tyrosine at 
the C-terminus. Despite precursor ions having different m/z values and being 
selected separately, corresponding to each m/z value in the first quadrupole (Q1), the 
same m/z of the product ions can actually cause interference in Q3.  
 Thus, I evaluated the specificity using the 2 other product ions (the second- 
and third-most intense ions). The results are summarized in Table 12. Using the y4 
(1+ ion charge state) and y2 (1+ ion charge state) product ions, the specificity for the 
analyte and internal standard met the criteria. The y4 and y2 ions had different m/z 
values in the labeled and unlabeled peptide, respectively, and the specificity% values 
met the criteria for the analyte and internal standard. Most of the results from the 
method validation met the criteria using the b7 ion, except for the specificity of the 
internal standard. Considering the overall validation of this quantitative clinical 
application, the quantification using the b7 ion was suitable.
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Table 11. Analytical specificity (Interference) results of GYQELLEK, 
VDFTEIQK from blank sample analysis by MRM-MS assay. 
Peptide Matrix Peptide typea 
Peak area of 
blank 
sampleb 




GYQELLEK    unlabeled       
  Matrix 1   241.667  1622.333 14.896  
  Matrix 2   17.667  6156.667 0.287  
  Matrix 3   17.667  1471.333 1.201  
  Matrix 4   4.333  831.333  0.521  
  Matrix 5   5.000  1248.667 0.400  
  Matrix 6   37.000  1834.333 2.017  









    labeled 
   
  Matrix 1   3.667  233.333  1.571  
  Matrix 2   1.000  896.000  0.112  
  Matrix 3   1.667  219.000  0.761  
  Matrix 4   7.000  117.000  5.983  
  Matrix 5   2.667  185.667  1.436  
  Matrix 6   6.333  262.000  2.417  
  Mean ± 
SD 
  
3.722 ±  
2.462 
318.833 ±  
287.088 




  unlabeled 
   
  Matrix 1   151.000  1624.667 9.294  
  Matrix 2   91.000  2785.333 3.267  
  Matrix 3   18.667  5438.000 0.343  
  Matrix 4   43.000  2049.000 2.099  
  Matrix 5   27.000  6989.667 0.386  
  Matrix 6   56.000  4972.333 1.126  







2.753 ±  
3.392 
    labeled 
   
  Matrix 1  6.667  155.333  4.292  
  Matrix 2  14.667  275.000  5.333  
  Matrix 3  3.000  528.000  0.568  
  Matrix 4  11.000  199.333  5.518  
  Matrix 5  5.667  640.667  0.884  
  Matrix 6  5.333  449.000  1.188  












b For blank sample, the peak area was from endogenous peptide or interferents corresponding to m/z 
of the designated peptides. 
c Calculated by dividing the peak area of the blank sample by that of the LLOQ (calibrator 1) and 
multiplying the result by 100.
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Table 12. Analytical specificity (Interference) results of ERECVEETCSY from 
blank sample analysis by MRM-MS assay. 











ERECVEETCSY   b7 (1+) unlabeled    
  Matrix 1   127.667  857.333  14.891  
  Matrix 2     165.667  267.333  61.970  
  Matrix 3     230.667  1095.667 21.053  
  Matrix 4     43.333  359.000  12.071  
  Matrix 5     92.667  1263.333 7.335  
  Matrix 6     121.000  1472.000 8.220  
  Average         20.923 
      labeled    
 Matrix 1   14.000  129.667  10.797  
  Matrix 2     7.000  41.000  17.073  
  Matrix 3     4.333  168.333  2.574  
  Matrix 4     31.667  56.000  56.548  
  Matrix 5     40.000  218.333  18.321  
  Matrix 6     12.667  225.667  5.613  
  Average       18.488 
       
    y4 (1+) unlabeled       
  Matrix 1     8.333  581.333  1.433  
  Matrix 2     5.667  236.667  2.394  
  Matrix 3     9.000  696.333  1.292  
  Matrix 4     3.000  201.667  1.488  
  Matrix 5     7.667  972.000  0.789  
  Matrix 6     2.333  1146.333 0.204  
  Average     6.000 639.056 1.267 
      labeled       
  Matrix 1     5.000  51.667  9.677  
  Matrix 2     1.000  69.000  1.449  
  Matrix 3     0.667  131.667  0.506  
  Matrix 4     6.000  56.000  10.714  
  Matrix 5     10.333  134.333  7.692  
  Matrix 6     2.667  159.333  1.674  
  Average     4.278 100.333 5.286 
    y2 (1+) unlabeled       
  Matrix 1     25.667  1758.667 1.459  
  Matrix 2     12.000  557.667  2.152  
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  Matrix 3     6.333  2233.000 0.284  
  Matrix 4     9.000  947.333  0.950  
  Matrix 5     21.000  3771.000 0.557  
  Matrix 6     17.000  5013.667 0.339  
  Average     15.167 2380.222 0.957 
      labeled       
  Matrix 1     2.333  227.333  1.026  
  Matrix 2     4.333  211.000  2.054  
  Matrix 3     2.333  523.000  0.446  
  Matrix 4     7.000  171.333  4.086  
  Matrix 5     12.000  594.333  2.019  
  Matrix 6     5.333  725.667  0.735  
  Average     5.556 408.778 1.728 
a Stable isotope-unlabeled peptide as internal standard and stable isotope-labeled peptide as target 
analyte. 
b For blank sample, the peak area was from endogenous peptide or interferents corresponding to m/z 
of the designated peptides. 
c Calculated by dividing the peak area of the blank sample by that of the LLOQ (calibrator 1) and 




3.2.3. Analytical sensitivity 
For the calculation of S/N, the signal and noise were r presented by the peak area 
ratios of calibrator 1 and the zero sample (not blank sample) in each matrix. At the 
level of LLOQs of GYQELLEK and VDFTEIQK (both 0.051 ng/mL) and 
ERECVEETCSY (1.28 ng/mL) in serum, the signal responses were over 5-fold but 
less than 20 times the values in the zero sample. Th  precision and recovery of assay 
were within 20% for the 3 peptides (Table 13). The analytical sensitivity of my 
method for measuring AFP and AFP-L3 concentrations n the 6 serum samples met 
the requirements of the guidelines. 
 
Table 13. Analytical sensitivity results from zero sample analysis with MRM-
MS assay. 









CV (%)  
(S/N)a 
GYQELLEK              
  Matrix 
1 
PAR 0.034 0.148 4.297    
    Conc. (ng/mL) 0.002 0.052   102.213 19.718  
  Matrix 
2 
PAR 0.044 0.148 3.349   
    Conc. (ng/mL) 0.002 0.051   100.39 7.097  
  Matrix 
3 
PAR 0.006 0.149 23.754   
    Conc. (ng/mL) 0 0.053   103.355 9.983  
  Matrix 
4 
PAR 0.009 0.142 15.837   
    Conc. (ng/mL) 0 0.046   90.426 4.777  
  Matrix 
5 
PAR 0.015 0.153 10.004 
  
    Conc. (ng/mL) 0 0.057   111.601 16.425  
  Matrix 
6 
PAR 0.02 0.143 7.282   
    Conc. (ng/mL) 0.001 0.047   92.47 7.246  
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  Mean PAR  0.021 0.147 10.754   
    Conc. (ng/mL) 0.001 0.051   100.076 10.874  
VDFTEIQK           
  Matrix 
1 
PAR  0.01 0.092 9.452   
    Conc. (ng/mL) 0 0.049   94.857 13.339  
  Matrix 
2 
PAR  0.009 0.099 11.099   
    Conc. (ng/mL) 0 0.059   114.87 4.757  
  Matrix 
3 
PAR  0.018 0.097 5.529   
    Conc. (ng/mL) 0.001 0.055   107.666 6.630  
  Matrix 
4 
PAR  0.029 0.096 3.338   
    Conc. (ng/mL) 0.003 0.053   104.159 14.469  
  Matrix 
5 
PAR  0.007 0.092 14.098   
    Conc. (ng/mL) 0 0.049   95.3 16.254  
  Matrix 
6 
PAR  0.017 0.09 5.449   
    Conc. (ng/mL) 0.001 0.046   89.313 5.889  
  Mean PAR  0.015 0.094 8.161   
    Conc. (ng/mL) 0.001 0.052   101.028 10.223  
ERECVEETCSY              
  Matrix 
1 
PAR 0.077 0.151 1.954    
    Conc. (ng/mL) 0.186 1.122   87.693 3.196  
  Matrix 
2 
PAR 0.041 0.158 3.87    
    Conc. (ng/mL) 0.035 1.324   103.4 15.848  
  Matrix 
3 
PAR 0.029 0.155 5.343    
    Conc. (ng/mL) 0.013 1.196   93.439 3.548  
  Matrix 
4 
PAR 0.027 0.149 5.507    
    Conc. (ng/mL) 0.01 1.144   89.411 19.678  
  Matrix 
5 
PAR 0.017 0.173 10.341    
    Conc. (ng/mL) 0.003 1.628   127.194 1.988  
  Matrix 
6 
PAR 0.051 0.152 2.99    
    Conc. (ng/mL) 0.071 1.156   90.329 9.828  
  Average PAR  0.04 0.147 5.001   
    Conc. (ng/mL) 0.053 0.051   98.578 9.014  
PAR, peak area ratio. 
a Calculated by dividing the peak area ratio of calcul tor 1 (LLOQ concentration) by the zero sample. 





The mean carryover of the analyte in the blank sample was 6.1% and 3.6% of the 
LLOQ concentrations for GYQELLEK and VDFTEIQK, respectively. The mean 
peak area of internal standard was 5.0% and 3.0% in the blank samples for 
GYQELLEK and VDFTEIQK, respectively. For ERECVEETCSY, the average 
carryover in the analyte channel and internal standard (IS) channel was 4.53% and 
0.08%, respectively. No relationship was observed btween the carryover and the 
analyte concentration (Table 14).  
 
Table 14. Carryover measurements using blank sample run after the highest 
calibrator. 
Peptide  Matrix  Peptide typea 
Peak area of Peak area of 
Carryover  
(%) c LLOQ 
(calibrator 1) blank sample
b 
GYQELLEK   unlabeled       
  Matrix 1   52.000  1622.333 3.205  
  Matrix 2   79.000  6156.667 1.283  
  Matrix 3   77.000  1471.333 5.233  
  Matrix 4   75.333  831.333  9.062  
  Matrix 5   83.667  1248.667 6.700  
  Matrix 6   83.000  1834.333 4.525  
  Mean   75.000  2194.111 5.001  
    labeled    
  Matrix 1   1.000  233.333  0.429  
  Matrix 2   1.667  896.000  0.186  
  Matrix 3   13.667  219.000  6.240  
  Matrix 4   20.667  117.000  17.664  
  Matrix 5   16.667  185.667  8.977  
  Matrix 6   8.333  262.000  3.181  
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  Mean   10.333  318.833  6.113  
  VDFTEIQK    unlabeled       
  Matrix 1   122.333  1624.667 7.530  
  Matrix 2   49.000  2785.333 1.759  
  Matrix 3   65.333  5438.000 1.201  
  Matrix 4   93.000  2049.000 4.539  
  Matrix 5   101.000  6989.667 1.445  
  Matrix 6   77.333  4972.333 1.555  
  Mean   84.667  3976.500 3.005  
    labeled     
  Matrix 1  5.333  155.333  3.433  
  Matrix 2  13.667  275.000  4.970  
  Matrix 3  2.000  528.000  0.379  
  Matrix 4  13.667  199.333  6.856  
  Matrix 5  9.000  640.667  1.405  
  Matrix 6  21.000  449.000  4.677  
  Mean  10.778  374.556  3.620  
ERECVEETCSY   unlabeled       
  Matrix 1   1997.333 21.333  1.068  
  Matrix 2   1383.333 25.333  1.831  
  Matrix 3   953.333  57.667  6.049  
  Matrix 4   640.000  17.667  2.760  
  Matrix 5   1405.000 9.000  0.641  
  Matrix 6   540.333  80.000  14.806  
  Mean   1153.222 35.167  4.526  
    labeled    
  Matrix 1  17605.333 6.333  0.036  
  Matrix 2  12379.333 0.000  0.000  
  Matrix 3  8442.667 14.667  0.174  
  Matrix 4  5490.333 4.667  0.085  
  Matrix 5  12476.333 3.667  0.029  
  Matrix 6  4824.000 7.333  0.152  
  Mean  10203.000 6.111  0.079  
a Stable isotope-unlabeled peptide as internal standard and stable isotope-labeled peptide as target 
analyte. 
b For blank sample, the peak area was from endogenous peptide or interferents corresponding to m/z 
of the designated peptides. 
c Calculated by dividing the peak area of the blank sample by that of the LLOQ (calibrator 1) and 
multiplying the result by 100. 
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3.2.5. Precision and Recovery of assay 
For GYQELLEK and VDFTEIQK, the CVintra values were 3.4% to 7.0% and 2.8% 
to 10.3%, respectively, and the recovery of intra-assay were 90.3% to 116.0% and 
90.3% to 101.9% for GYQELLEK and VDFTEIQK, respectively. The CVinter values 
were 3.0% to 11.2% and 4.0% to 5.0% for GYQELLEK and VDFTEIQK, 
respectively, whereas the recovery of inter-assay were 88.4% to 107.2% and 86.9% 
to 101.4% for GYQELLEK and VDFTEIQK, respectively. Thus, the MRM-MS 
assay had satisfactory precision and recovery of assay within the established 
concentration range of AFP and AFP-L3 in human serum samples (Table 15). 
 For ERECVEETCSY, the CVintra values were 6.1% to 10.4%, and the 
accuracyintra values were 92.8% to 112.7%, whereas the CVinter values were 4.8% to 
18.0% and the accuracyinter values were 84.2% to 120.7% for ERECVEETCSY. Thus, 
the SRM-MS assay had satisfactory accuracy and precision in the established 
concentration range of PIVKA-II (Table 15).
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Table 15. Precision and recovery of assay measured in 4 QC samples (lower 
limit of quantification, low, medium, and high) over 6 days. 
Peptide   Measurements QC1 QC2 QC3 QC4 
    Expected  
conc. (ng/mL) 
0.051 0.154 2000.256 3600 
GYQELLEK             
  Intra-
assaya 
Conc. (ng/mL) 0.059 0.169 1937.411 3249.274 
    SD 0.003 0.012 136.23 109.457 
    CVintra (%)  5.149 6.893 7.032 3.369 






9 96.869 90.258 
  Inter-
assayb 
Conc. (ng/mL) 0.055 0.159 2015.015 3184.032 
    SD 0.006 0.009 187.764 94.294 
    CVinter (%) 11.218 5.865 9.318 2.961 




7 100.749 88.445 




Conc. (ng/mL) 0.046 0.141 1955.724 3668.717 
    SD 0.005 0.006 71.414 101.406 
    CVintra (%) 10.28 4.078 3.652 2.764 
    Recovery of assay
 
(%)c 90.337 91.801 97.785 101.909 
  Inter-
assayb 
Conc. (ng/mL) 0.048 0.134 1912.751 3649.914 
    SD 0.002 0.007 76.163 166.858 
    CVinter (%) 4.353 5.048 3.982 4.572 
    Recovery of assay
 
(%)c 94.317 86.935 95.636 101.387 
    CVtotal (%)d 11.163 6.489 5.403 5.342 
ERECVEETCS
Y 
  Expected  
conc. (ng/mL) 









    SD 0.15 0.28 4541.805 5724.886 
    CVintra (%) 10.405 7.501 9.364 6.094 






5 92.778 95.801 
  Inter-
assayb 





    SD 0.173 0.438 8366.292 4660.973 
    CVinter (%) 11.168 13.541 17.966 4.779 
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3 84.23 103.479 108.375 
    CVtotal (%)d 15.264 15.48 20.26 7.744 
a Calculated by averaging the mean values of the six replicates on each day over 6 d. 
b Calculated by averaging the first replicate of each day over 6 d. 
c Recovery of assay (%) = measured concentration/expected concentration × 100. 
d Total CV = 




3.2.6. Matrix effect 
The mean matrix effect for the calibrators was 74.9% to 104.0% for GYQELLEK, 
92.7% to 113.2% for VDFTEIQK and 97.3% to 128.3% for ERECVEETCSY. The 
CV values for all calibrators were within 12.9%. For the QC samples, the mean 
matrix effect was 99.4% to 100.5% and 95.4% to 107.9% for GYQELLEK  
VDFTEIQK, and 99.5% to 102.9% for ERECVEETCS with CV values less than 15% 
(Table 16). For GYQELLEK and VDFTEIQK, the mean recovery of spiking were 
87.3% to 113.7% and 92.2% to 105.6%, respectively (Table 17). 
 The measured concentrations of the unmixed samples and the ratio at which 
they were mixed were taken into account when the expected concentration of the 
mixed sample was calculated. The bias between the exp cted and measured values 
was within the range of values that was deemed to be satisfactory (recovery of assay 
< ± 15% of target concentration), ranging from 2.2–1665.7 ng/mL for GYQELLEK 
and 12.9–712.1 ng/mL for VDFTEIQK. The mixed samples showed good linearity, 
as evidenced by their high coefficient of determination (R2 > 0.99) by first-order 
polynomial (straight line) regression (Figure 18 and Table 18). 
 The concentrations of GYQELLEK and VDFTEIQK were unaffected by 
icteric samples, but affected by lipemia. The concentrations of the two peptides 
differed in that VDFTEIQK was affected by hemolysis, a  opposed to GYQELLEK 
which remained unaffected. Also, ERECVEETCSY was unaffected by lipemic or 
icteric samples but was influenced by hemolysis (Table 19). 
87 
 
 The concentrations of AFP, AFP-L3 and PIVKA-II were similar between 
serum and plasma samples. The AFP concentration (ng/mL) in serum (plasma) was 
933.26 (911.44), 252.59 (267.01), 13.14 (11.63), 127.86 (113.99), 540.32 (495.02), 
and 45.28 (44.21). The AFP-L3% values in serum (plasma) were 3.34 (3.52), 15.49 
(14.40), 29.37 (33.08), 32.38 (34.05), 4.17 (3.83), and 17.44 (16.37) (Figure 19A). 
The PIVKA-II concentrations (ng/mL) in serum (plasma) were 60.5 (134.7), 753.5 
(1018.1), 824.9 (1126.5), 2636.4 (2237.7), 109,340.7 (112497.1), and 49.1 (51.5). 




Table 16. Matrix effects of 6 matrices using 8 calibrators and 4 QC samples. 
















QC 1 QC 2 QC 3 QC 4 
GYQELLEK                             
  Buffer matrixa PAR 0.20  0.30  0.52  0.90  1.81  3.35  6.23  12.52  0.16  0.23  8.85  11.11  
  Matrix 1b PAR 0.15  0.35  0.46  0.93  1.92  3.37  6.31  13.20  0.15  0.22  9.21  11.04  
    ME (%)c 75.41  118.96  88.99  103.44  106.25  100.56  101.39  105.42  97.76  96.48  104.07  99.32  
  Matrix 2b PAR 0.15  0.25  0.44  0.88  1.63  3.35  6.05  11.59  0.16  0.22  8.59  10.91  
    ME (%)c 75.09  84.70  84.57  98.37  90.25  99.80  97.16  92.61  102.72  98.56  97.09  98.16  
  Matrix 3b PAR 0.15  0.32  0.50  0.95  1.96  3.38  6.00  12.10  0.16  0.22  8.50  10.90  
    ME (%)c 75.92  107.60  97.29  105.97  108.59  100.72  96.34  96.63  100.05  97.28  96.02  98.11  
  Matrix 4b PAR 0.14  0.30  0.54  0.91  1.94  3.29  6.79  13.02  0.16  0.23  8.80  10.69  
    ME (%)c 72.11  99.51  103.71  101.84  107.11  98.11  108.96  104.02  100.24  101.38  99.47  96.25  
  Matrix 5b PAR 0.15  0.30  0.56  0.95  1.84  3.25  6.42  12.47  0.15  0.23  9.04  10.66  
    ME (%)c 78.11  102.72  107.44  105.63  102.05  96.83  103.13  99.60  98.80  100.68  102.17  95.90  
  Matrix 6b PAR 0.14  0.28  0.51  0.97  1.71  3.25  5.97  12.70  0.16  0.23  8.80  10.74  
    ME (%)c 72.72  94.66  99.32  108.61  94.85  96.79  95.94  101.41  103.34  101.95  99.42  96.64  
  
ME (%)c 
Mean 74.89  101.36  96.89  103.98  101.52  98.80  100.49  99.95  100.48  99.39  99.71  97.40  
  SD 2.20  11.63  8.69  3.59  7.42  1.80  5.07  4.77  2.18  2.27  3.02  1.34  
  CV (%) 2.94  11.47  8.97  3.45  7.31  1.82  5.05  4.77  2.17  2.29  3.03  1.37  
VDFTEIQK                 
  Buffer matrixa PAR 0.10  0.17  0.36  0.58  0.93  2.14  4.10  7.32  0.10  0.15  5.23  6.51  
  Matrix 1b PAR 0.09  0.22  0.32  0.67  1.06  2.34  4.53  7.99  0.10  0.14  5.66  7.46  
    ME (%)c 91.41  132.92  89.18  115.89  113.76  109.64  110.41  109.15  98.41  94.26  108.27  114.50  
  Matrix 2b PAR 0.10  0.19  0.34  0.52  1.08  2.17  4.14  7.72  0.10  0.14  5.43  6.96  
    ME (%)c 98.55  113.74  94.32  90.69  116.31  101.77  100.96  105.43  98.01  96.44  103.85  106.89  
  Matrix 3b PAR 0.10  0.17  0.36  0.64  1.03  2.23  4.37  7.50  0.10  0.14  5.44  7.01  
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    ME (%)c 96.09  102.56  98.19  109.90  110.92  104.64  106.43  102.43  100.58  94.18  104.02  107.53  
  Matrix 4b PAR 0.10  0.19  0.32  0.61  1.06  2.39  4.32  7.82  0.10  0.14  5.41  7.08  
    ME (%)c 94.74  112.88  89.28  105.35  114.48  111.98  105.31  106.82  98.79  96.24  103.45  108.64  
  Matrix 5b PAR 0.09  0.18  0.35  0.62  1.06  1.87  3.70  6.77  0.10  0.14  5.44  6.93  
    ME (%)c 91.51  107.46  95.68  107.96  113.94  87.62  90.20  92.46  98.33  96.67  104.01  106.34  
  Matrix 6b PAR 0.09  0.15  0.32  0.56  1.02  1.88  3.68  6.60  0.10  0.14  5.32  6.75  
    ME (%)c 89.40  90.14  89.78  97.07  109.72  87.92  89.70  90.24  98.87  94.34  101.69  103.58  
  
ME (%)c 
Mean 93.62  109.95  92.74  104.47  113.19  100.59  100.50  101.09  98.83  95.36  104.22  107.91  
  SD 3.43  14.17  3.85  9.14  2.43  10.57  8.71  7.88  0.91  1.21  2.18  3.64  
  CV (%) 3.66  12.89  4.16  8.75  2.15  10.50  8.67  7.80  0.92  1.27  2.09  3.38  
ERECVEETCSY                             
  Buffer matrixa PAR 0.12  0.28  0.49  0.92  1.62  2.71  5.17  9.18  0.16  0.23  6.69  8.73  
  Matrix 1b PAR 0.15  0.28  0.50  0.91  1.58  2.74  5.09  8.84  0.16  0.23  6.82  8.56  
    ME (%)c 124.11  97.94  102.38  98.56  97.79  100.88  98.29  96.36  96.40  103.96  102.07  98.00  
  Matrix 2b PAR 0.16  0.27  0.51  0.91  1.58  2.70  5.05  8.93  0.17  0.24  6.82  8.71  
    ME (%)c 129.77  95.58  104.29  99.22  97.70  99.59  97.64  97.37  103.64  107.37  102.04  99.79  
  Matrix 3b PAR 0.15  0.28  0.51  0.91  1.65  2.67  5.05  8.91  0.16  0.24  6.88  8.73  
    ME (%)c 126.94  98.42  103.00  98.93  101.88  98.45  97.62  97.07  97.41  104.75  102.97  100.00  
  Matrix 4b PAR 0.15  0.28  0.52  0.91  1.58  2.91  5.00  8.63  0.16  0.22  6.77  8.67  
    ME (%)c 122.20  99.37  105.99  99.24  97.54  107.01  96.57  94.05  100.48  99.34  101.30  99.26  
  Matrix 5b PAR 0.17  0.28  0.50  0.99  1.57  2.91  4.90  8.91  0.17  0.23  6.88  8.86  
    ME (%)c 141.82  98.34  100.89  107.86  97.04  107.14  94.79  97.06  103.22  99.61  102.97  101.52  
  Matrix 6b PAR 0.15  0.28  0.52  0.93  1.61  2.89  5.11  8.77  0.16  0.23  6.84  8.57  
    ME (%)c 124.78  99.84  106.68  100.74  99.63  106.60  98.82  95.54  98.55  102.28  102.23  98.18  
  
ME (%)c 
Average 128.27  98.25  103.87  100.76  98.60  103.28  97.29  96.24  99.95  102.89  102.26  99.46  
  STDEV 7.13  1.49  2.21  3.56  1.83  4.06  1.44  1.26  3.02  3.11  0.64  1.30  
  CV (%) 5.56  1.51  2.13  3.53  1.86  3.93  1.48  1.31  3.02  3.02  0.62  1.31  
PAR, peak area ratio; ME, matrix effect, SD, standard deviation; CV, coefficient of variation; QC, quality control. 
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a Stable isotope-unlabeled and labeled protein analogs spiked into elution buffer alone at the beginning of assay. 
b Stable isotope-unlabeled and labeled protein analogs spiked into serum at the beginning of assay. 
c Matrix effect = (serum matrixb / buffer matrixa) × 100 (%).
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Table 17. Evaluation of recovery after spike. 
Peptide Matrix Measurements 
Zero 
sample QC 1 QC 2 QC 3 QC 4 
    Expected conc. (ng/mL)   0.051 0.154 2000.256 3600.000 
GYQELLEK               
  Matrix 1 Conc. (ng/mL) 0.002  0.056  0.139  2078.250 3302.442 
    Recovery of spiking (%)a  105.504  89.603  103.911  91.734  
  Matrix 2 Conc. (ng/mL) 0.002  0.063  0.147  1738.242 3204.770 
    Recovery of spiking (%)a  120.503  94.961  86.911  89.021  
  Matrix 3 Conc. (ng/mL) 0.000  0.059  0.142  1698.987 3203.293 
    Recovery of spiking (%)a  112.910  91.658  84.948  88.980  
  Matrix 4 Conc. (ng/mL) 0.000  0.059  0.158  1858.883 3046.874 
    Recovery of spiking (%)a  112.779  102.093  92.943  84.635  
  Matrix 5 Conc. (ng/mL) 0.000  0.057  0.155  1984.921 3019.497 
    Recovery of spiking (%)a  108.507  100.167  99.245  83.875  
  Matrix 6 Conc. (ng/mL) 0.001  0.064  0.160  1851.968 3079.762 
    Recovery of spiking (%)a  122.091  103.358  92.597  85.549  
  
Recovery of spiking (%)a Mean  113.716  96.973  93.426  87.299  
  SD  6.516  5.723  7.198  3.077  
  CV (%)  5.730  5.902  7.704  3.525  
VDFTEIQK               
  Matrix 1 Conc. (ng/mL) 0.000 0.054 0.144 2033.053 4149.100 
    Recovery of spiking (%)a  104.255 93.518 101.651 115.253 
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  Matrix 2 Conc. (ng/mL) 0.000 0.053 0.153 1824.947 3475.012 
    Recovery of spiking (%)a  103.091 99.639 91.246 96.528 
  Matrix 3 Conc. (ng/mL) 0.001 0.057 0.144 1835.920 3533.395 
    Recovery of spiking (%)a  110.598 93.655 91.795 98.150 
  Matrix 4 Conc. (ng/mL) 0.003 0.054 0.152 1807.934 3625.074 
    Recovery of spiking (%)a  105.699 98.914 90.396 100.696 
  Matrix 5 Conc. (ng/mL) 0.000 0.054 0.154 1835.176 3436.746 
    Recovery of spiking (%)a  104.165 100.171 91.758 95.465 
  Matrix 6 Conc. (ng/mL) 0.001 0.054 0.145 1729.486 3206.303 
    Recovery of spiking (%)a  105.826 94.001 86.473 89.064 
  Spike recovery (%)a Mean  105.606 96.650 92.220 99.193 
    SD  2.653 3.233 5.033 8.773 
    CV (%)  2.513 3.345 5.457 8.845 
QC, quality control; SD, standard deviation; CV, coefficient of variation. 
a Recovery of spiking (%) = 
(measured concentration of the spiked zero sample - m asured concentration of the unspiked zero sample)
expected concentration of the spiked zero sample




Table 18. Linearity evaluation using matrix mixed samples. 
Peptide Mixing ratio Measured conc. (ng/mL)a 
Expected 
conc. (ng/mL)b Bias (%)
c 
GYQELLEK A : B     
  100 : 0 2.231    
  80 : 20 330.258  334.921  -1.392 
  60 : 40 695.181  667.611  4.130 
  40 : 60 964.406  1000.300 -3.588 
  20 : 80 1217.663 1332.990 -8.652 
  0 : 100 1665.680   
VDFTEIQK C : D    
  100 : 0 12.861    
  80 : 20 131.185  152.704  -14.092 
  60 : 40 303.211  292.547  3.645 
  40 : 60 404.823  432.389  -6.375 
  20 : 80 522.771  572.232  -8.644 
  0 : 100 712.075    
a Calculated by mean value of 6 replicates. 
b Calculated by measuring the concentration of 2 unmixed samples and applying the ratio of the mix of the 2 samples. 
c Bias (%) = 






Figure 18. Matrix mixing experiment results. 
To assess linearity, 2 HCC serum samples were mixed at various ratios (non-serial dilution) and analyzed by MRM-MS. The linearity of 
GYQELLEK (A) and VDFTEIQK (B) was evaluated by mixing serum A (high AFP) with B (low AFP) and C (high AFP-L3) with D (low AFP-
L3) in 6 proportions (100:0, 80:20, 60:40, 40:60, 2:80, and 0:100), based on the concentrations as meured by LiBA. First-order polynomial 
regression was applied to evaluate linearity. Measurements of GYQELLEK (representing AFP) and VDFTEIQK (representing AFP-L3) in the 6 
samples demonstrated a strong linear fit, as evidenced by R2 (coefficient of determination) > 0.99. The dotted line represents the line of identity 
(y=x). Sy|x, standard deviation of residual.
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Table 19. Matrix effects of endogenous interferents. 
Normal serum and problem samples 






















"Normal" serum 192.945   103.78   303.3   
Lipemic sample 12.308   1.381   2.35   
Mix 1 to 1 ("Normal" serum and Lipemic sample) 80.284 102.626 -21.77 43.019 52.58 -18.183 149.82 152.82 1.97 
Hemolyzed sample 67.542   8.845   16.67   
Mix 1 to 1 ("Normal" serum and Hemolyzed sample) 115.199 130.244 -11.551 44.651 56.312 -20.707 203.04 159.99 -26.91 
Icteric sample 27.125   3.925   6.38   
Mix 1 to 1 ("Normal" serum and Icteric sample) 114.749 110.035 4.284 53.573 53.852 -0.518 144.78 154.84 6.5 
a Bias (%) =
(measured concentration - expected concentration)
expected concentration
x100. 





Figure 19. Evaluation of matrix effects from exogenous interferents. 
AFP and AFP-L3 concentrations in samples collected in serum separation tubes (SST) and tri-potassium-ethylenediaminetetraacetic acid (K3-
EDTA) tubes. Pairs (serum-plasma) of samples were obtained from the same HCC patients. The concentrations of AFP (ng/mL) (A), AFP-L3 (%) 




3.2.7. Recovery of immunoprecipitation  
The total recovery of immunoprecipitation were 99.3% to 102.8% for GYQELLEK 
and 95.9% to 103.9% for VDFTEIQK (Table 20). The total immunoprecipitation 
recovery rates were 99.3% to 100.6% for ERECVEETCSY (Table 20) indicating 
that the immunoprecipitation steps did not alter th performance of the assay.  
 
Table 20. Recovery after immunoprecipitation. 
Peptide Matrix Measurements QC 1 QC 2 QC 3 QC 4 
GYQELLEK             
  Matrix 1 PARa  0.152 0.217 9.208 11.035 
    PARb 0.152 0.225 8.713 10.703 
    Recovery of IP (%)c 100.032 96.765 105.678 103.101 
  Matrix 2 PARa  0.16 0.222 8.59 10.906 
    PARb 0.145 0.225 8.324 10.844 
    Recovery of IP (%)c 109.786 98.762 103.195 100.568 
  Matrix 3 PARa  0.156 0.219 8.496 10.9 
    PARb 0.152 0.231 8.756 10.768 
    Recovery of IP (%)c 102.666 94.897 97.025 101.224 
  Matrix 4 PARa  0.156 0.229 8.801 10.694 
    PARb 0.155 0.219 8.736 10.172 
    Recovery of IP (%)c 100.633 104.174 100.751 105.126 
  Matrix 5 PARa  0.154 0.227 9.04 10.655 
    PARb 0.155 0.224 8.724 10.381 
    Recovery of IP (%)c 98.949 101.238 103.624 102.633 
  Matrix 6 PARa  0.161 0.23 8.797 10.737 
    PARb 0.153 0.23 8.669 10.568 
    Recovery of IP (%)c 104.794 99.937 101.466 101.599 
  IP 
recovery 
(%)c 
Mean 102.81 99.295 101.956 102.375 
  SD 4 3.287 2.973 1.634 
  CV (%) 3.89 3.31 2.915 1.596 
VDFTEIQK           
  Matrix 1 PARa  0.096 0.14 5.66 7.459 
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    PARb 0.094 0.14 5.388 6.66 
    Recovery of IP (%)c 102.453 100.113 105.063 112.004 
  Matrix 2 PARa  0.095 0.144 5.429 6.963 
    PARb 0.099 0.148 5.331 6.486 
    Recovery of IP (%)c 96.613 96.946 101.845 107.36 
  Matrix 3 PARa  0.098 0.14 5.438 7.005 
    PARb 0.097 0.148 5.352 6.694 
    Recovery of IP (%)c 100.846 95.011 101.614 104.64 
  Matrix 4 PARa  0.096 0.143 5.408 7.077 
    PARb 0.098 0.153 5.369 7.042 
    Recovery of IP (%)c 98.081 93.748 100.721 100.506 
  Matrix 5 PARa  0.096 0.144 5.438 6.927 
    PARb 0.099 0.149 5.32 6.899 
    Recovery of IP (%)c 96.796 96.79 102.217 100.416 
  Matrix 6 PARa  0.096 0.141 5.316 6.747 
    PARb 0.097 0.152 5.492 6.845 
    Recovery of IP (%)c 99.281 92.699 96.803 98.577 
  IP 
recovery 
(%)c 
Mean 99.012 95.885 101.377 103.917 
  SD 2.315 2.657 2.68 5.103 
  CV (%) 2.339 2.771 2.644 4.91 
ERECVEETCSY             
  Matrix 1 PARa  0.16 0.23 6.82 8.56 
    PARb 0.16 0.23 6.88 8.6 
    Recovery of IP (%)c 97.37 101.68 99.21 99.5 
  Matrix 2 PARa  0.17 0.24 6.82 8.71 
    PARb 0.16 0.25 6.95 8.72 
    Recovery of IP (%)c 106.24 98.12 98.2 99.92 
  Matrix 3 PARa  0.16 0.24 6.88 8.73 
    PARb 0.17 0.24 6.7 8.73 
    Recovery of IP (%)c 93.7 100.69 102.72 99.98 
  Matrix 4 PARa  0.16 0.22 6.77 8.67 
    PARb 0.16 0.24 6.61 8.62 
    Recovery of IP (%)c 101.85 95.04 102.48 100.5 
  Matrix 5 PARa  0.17 0.23 6.88 8.86 
    PARb 0.17 0.22 6.8 8.48 
    Recovery of IP (%)c 100.68 100.11 101.31 104.59 
  Matrix 6 PARa  0.16 0.23 6.84 8.57 
    PARb 0.16 0.23 6.86 8.72 
    Recovery of IP (%)c 102.26 99.86 99.68 98.32 
  Mean 100.35 99.25 100.6 100.47 
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  IP 
recovery 
(%)c 
SD 4.33 2.37 1.85 2.15 
  CV (%) 4.32 2.39 1.84 2.14 
PAR, peak area ratio; IP, immunoprecipitation; SD, standard deviation; CV, coefficient of variation; QC, 
quality control;.  
a Stable isotope-unlabeled and labeled protein analogs spiked into serum at the beginning of assay. 
b Stable isotope-unlabeled and labeled protein analogs spiked during the elution step, immediately after 
immunoaffinity. 
c Recovery of IP = (serum matrixa / serum matrixb) × 100.
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3.2.8. Dilution integrity 
The dilution-corrected concentrations were compared with the initial concentration 
(8000 ng/mL). Dilution factors up to 2500-fold had CV values that were < 10% and 
biases that were < 15% (Table 21). However, the bias of the samples that were 
diluted to 20000-fold exceeded 15%, due to excessiv dilution. Thus, it is possible 
to accurately analyze clinical samples, the concentrations of which exceed the 
analytical range of measurement, by diluting up to 2500 times. 
 For PIVKA-II, the dilution-corrected concentrations were compared with 
the initial concentration (300000 ng/mL). Dilution factors up to 10000-fold had 
biases that were < 15%. Thus, it is possible to accur tely analyze clinical samples 
wherein the analytical range of measurements exceeds th  dynamic range of 10000-
fold (Table 21). 
101 
 
Table 21. Evaluation of dilution integrity. 





concentration (ng/mL) Bias (%)
b 
GYQELLEK Neata  8000  
  5 1569.192 7845.96 -1.925 
  150 52.974 7946.155 -0.673 
  500 17.167 8583.497 7.294 
  2500 3.662 9156.071 14.451 
  20000 0.467 9341.369 16.767 
VDFTEIQK Neata  8000  
  5 1521.435 7607.177 -4.91 
  150 54.182 8127.328 1.592 
  500 17.305 8652.389 8.155 
  2500 2.936 7340.158 -8.248 
  20000 0.283 5666.076 -29.174 
ERECVEETCSY         
  Neata  300000  
  200 1496.52 299305 -0.23 
  400 804.09 321638 7.21 
  2000 167.63 335264 11.75 
  10000 28.52 285216 -4.93 
SD, standard deviation; CV, coefficient of variation.  
a The value is above the upper limit of quantification  
b Relative bias (%) = 
(    )
  × 100. 




For AFP, AFP-L3, under long-term storage (-20 °C and -70 °C) and after freeze-
thaw cycles, the deviations from baseline values were within the acceptable limit (< 
±15%) for the GYQELLEK and VDFTEIQK peptides. However, with regard to 
short-term stability (room temperature and 4 °C), the recovery of assay for QC 1 and 
QC 2 did not meet the criteria (< 85%) (Figure 20 A~J). Considering these results, I 
concluded that samples should be analyzed within 1 month after collection if stored 
at -20 °C or -70 °C and within 4 d if stored at room temperature or 4 °C and that up 
to 7 freeze-thaw cycles is possible. 
 For PIVKA-II, under short-term storage at 4°C and fter freeze-thaw cycles, 
the deviations from baseline values were within the acceptable limits (< ±15%), and 
during short-term storage at room temperature, the samples were relatively stable, 
such that only the deviation of QC1 at Day 7 was les  than 85%. After long-term 
storage at -20°C, it’s the overall deviation from baseline increased, whereas for 
storage at -70°C, the overall deviation fell. In these cases, the deviations of QC1 




Figure 20. Evaluation of stability (GYQELLEK, VDFTEIQK). 
The variation in GYQELLEK (A–E) and VDFTEIQK (F–J) concentrations compared with baseline concentrations (0 d or 0 cycle) during short-
term storage at room temperature (A, F) and 4 °C (B, G); long-term storage at -20 °C (C, H) and 70 °C (D, I); and freeze-thaw cycles (E, J). The 




Figure 21. Evaluation of stability (ERECVEETCSY). 
The variation in ERECVEETCSY concentrations compared with baseline 
concentration (Day 0 or Cycle 0) during short-term storage at (A) room temperature 
and (B) 4°C and long-term storage at (C) -20°C and (D) -70°C and (E) after a freeze-
thaw cycle. The gray zone indicates the acceptable r nge (85% to 115%). 
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3.2.10. Reproducibility  
The mean CV values of AFP and AFP-L3 concentrations over 6 d were within 15% 
for all samples, with the exception of AFP-L3 concetration of HCC1, which had a 
CV of 22.2%. These results demonstrate that the overall MRM-MS assay workflow 
was stable when using patient samples over several days (Figure 22A, B and Table 
22) 
 The average CV values of the PIVKA-II concentration over 6 days were 
within 15% for all samples except for HCC1 sample, which had a CV of 17.6%. 
These results demonstrate that the overall SRM-MS assay workflow is suitable for 




Figure 22. Evaluation of reproducibility. 
Reproducibility of AFP (A), AFP-L3 (B) and PIVKA-II (C) was evaluated using 4 HCC serum patients. Injections were performed 6 times per 




Table 22. Reproducibility of sample preparation over 6 days. 
Analyte Day Measurements HCC 1 HCC 2 HCC 3 HCC 4 
AFP             
 1 Conc. (ng/mL) 2.781  30.659  315.163  1734.518 
 2 Conc. (ng/mL) 3.378  31.495  299.949  1905.182 
 3 Conc. (ng/mL) 4.132  28.172  321.880  1813.893 
 4 Conc. (ng/mL) 3.333  30.715  343.657  1639.614 
 5 Conc. (ng/mL) 3.596  31.363  335.790  1530.560 
 6 Conc. (ng/mL) 3.448  28.168  352.042  1643.956 
 Mean of 6 d Conc. (ng/mL) 3.444  30.095  328.080  1711.287 
   SD 0.437  1.529  19.354  134.904  
   CV (%) 12.675  5.079  5.899  7.883  
AFP-L3           
 1 Conc. (%) 2.500  30.366  43.288  78.678  
 2 Conc. (%) 1.967  26.094  44.149  74.228  
 3 Conc. (%) 1.620  27.165  40.571  85.990  
 4 Conc. (%) 1.606  24.249  40.586  88.079  
 5 Conc. (%) 1.369  26.241  42.150  86.221  
 6 Conc. (%) 2.125  31.534  38.942  79.820  
 Mean of 6 d Conc. (%) 1.865  27.608  41.614  82.169  
   SD 0.413  2.781  1.939  5.417  
   CV (%) 22.165  10.072  4.660  6.592  
PIVKA-II              
 1 Conc. (%) 226.480  725.200  26152.740 281016.160 
 2 Conc. (%) 244.120  747.530  25997.400 287335.010 
 3 Conc. (%) 315.130  675.080  23580.590 256255.920 
 4 Conc. (%) 251.900  652.800  22611.540 225951.840 
 5 Conc. (%) 289.710  717.900  26427.390 234582.840 
 6 Conc. (%) 190.640  659.320  22854.610 218999.680 
 Mean of 6 d Conc. (%) 253.000  696.300  24604.040 250690.240 
   SD 44.450  39.080  1774.410 28876.310 
   CV (%) 17.570  5.610  7.210  11.520  
HCC, hepatocellular carcinoma; AFP, alpha-fetoprotein; AFP-L3, lens culinaris agglutinin-reactive 
fraction of alpha-fetoprotein; SD, standard deviation; CV, coefficient of variation.
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3.2.11. Quality control (QC) of samples and frequency 
For AFP, AFP-L3, over 86.3% of all measurements were within ±15% for both 
peptides, and over 80.0% of QC samples at each concentration were within ±15%. 
Thus, both requirements were fulfilled, and the individual sample measurements 
were confirmed to be stable (Table 23).  
 For PIVKA-II, as shown in Table 2-18 over 95.0% of all measurements 
were biased within ±15%, and over 80% of QC samples at each level were biased 
within ±15%. All samples above the ±15% bias were at the LLOQ (QC1 samples). 
 Table 24 summarizes the results of the 12 items in the integrated 
multinational guidelines for validating analytical methods.
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Table 23. Quality control results for individual samples. 
























QC1       QC2       QC3       QC4       
  1 0.057 111.201  1 0.145 94.099  1 2149.185 107.458  1 3173.785 88.161 
  2 0.052 101.285  2 0.135 87.744  2 2207.552 110.376  2 3546.109 98.503 
  3 0.054 105.865  3 0.125 81.672  3 1895.846 94.791  3 3480.618 96.684 
  4 0.062 121.295  4 0.143 92.793  4 2034.205 101.709  4 3142.9 87.303 
  5 0.051 99.375  5 0.152 99.084  5 1831.074 91.553  5 3423.333 95.093 
  6 0.066 128.056  6 0.156 101.759  6 1741.439 87.071  6 3367.137 93.532 
  7 0.056 108.625  7 0.135 87.883  7 1910.16 95.507  7 3566.627 99.073 
  8 0.056 108.82  8 0.119 77.415  8 1521.877 76.093  8 3119.247 86.646 
  9 0.058 113.744  9 0.165 107.621  9 1808.689 90.433  9 3194.54 88.737 
  10 0.059 114.932  10 0.158 102.905  10 2005.011 100.249  10 3237.326 89.926 
  11 0.051 98.937  11 0.146 94.864  11 1661.462 83.072  11 3735.394 103.761 
  12 0.056 108.814  12 0.149 96.909  12 1724.152 86.207  12 3317.664 92.157 
  13 0.062 120.28  13 0.176 114.57  13 1733.371 86.667  13 3249.512 90.264 
  14 0.057 110.827  14 0.152 99.153  14 1981.133 99.055  14 2948.288 81.897 
  15 0.054 105.849  15 0.137 89.194  15 1983.721 99.185  15 2743.197 76.2 
  16 0.054 104.515  16 0.153 99.419  16 2219.247 110.961  16 3086.348 85.732 
  17 0.053 102.638  17 0.151 98.388  17 2200.026 110  17 3005.938 83.498 
  18 0.058 113.351  18 0.155 100.594  18 1824.764 91.237  18 3158.735 87.743 
  19 0.059 114.551  19 0.159 103.508  19 2161.221 108.06  19 3230.165 89.727 
  20 0.066 128.963  20 0.146 95.358  20 1858.044 92.901  20 3364.928 93.47 
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QC1       QC2     QC3     QC4     
  1 0.057 111.928  1 0.135 88.038  1 2033.574 101.677  1 4089.295 113.592 
  2 0.051 98.698  2 0.132 85.723  2 1985.129 99.255  2 4113.034 114.251 
  3 0.055 106.621  3 0.161 104.874  3 2130.68 106.533  3 4082.592 113.405 
  4 0.05 97.836  4 0.147 95.806  4 2035.184 101.758  4 4134.449 114.846 
  5 0.05 98.487  5 0.138 89.928  5 2073.012 103.649  5 4220.214 117.228 
  6 0.054 106.007  6 0.11 71.819  6 1837.709 91.884  6 3749.971 104.166 
  7 0.051 98.643  7 0.165 107.511  7 1869.875 93.493  7 3596.04 99.89 
  8 0.053 104.152  8 0.159 103.427  8 1767.861 88.392  8 3294.585 91.516 
  9 0.056 109.753  9 0.162 105.188  9 1763.723 88.185  9 3430.255 95.285 
  10 0.045 87.805  10 0.163 105.976  10 2080.976 104.047  10 3191.403 88.65 
  11 0.065 127.36  11 0.163 105.876  11 1766.267 88.312  11 3832.257 106.452 
  12 0.046 88.9  12 0.164 106.839  12 1902.029 95.1  12 3571.479 99.208 
  13 0.062 122.016  13 0.138 90.137  13 1873.344 93.666  13 3742.986 103.972 
  14 0.059 114.853  14 0.128 83.342  14 1844.286 92.213  14 3978.378 110.511 
  15 0.048 93.157  15 0.163 105.977  15 1860.258 93.012  15 3829.066 106.363 
  16 0.048 93.56  16 0.164 106.659  16 1900.503 95.024  16 3492.742 97.021 
  17 0.053 102.668  17 0.141 91.775  17 1629.127 81.455  17 3179.917 88.331 
  18 0.055 107.215  18 0.121 78.5  18 2006.467 100.322  18 3103.685 86.213 
  19 0.051 100.029  19 0.134 86.957  19 1661.751 83.087  19 3133.763 87.049 
  20 0.047 90.912  20 0.125 81.536  20 1705.429 85.27  20 3158.282 87.73 
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QC1       QC2       QC3       QC4       
  1 1.35 105.15  1 3.27 85.25  1 47,943.50 95.89  1 90713.56 100.79 
  2 1.32 103  2 3.54 92.1  2 46,450.01 92.9  2 89416.25 99.35 
  3 1.21 94.17  3 3.98 103.76  3 47,968.58 95.94  3 93300.75 103.67 
  4 1.2 93.5  4 3.83 99.79  4 53,086.89 106.17  4 89081.77 98.98 
  5 1.4 109.33  5 3.91 101.93  5 54,028.54 108.06  5 91725.43 101.92 
  6 1.26 98.34  6 3.79 98.66  6 50,946.57 101.89  6 94260.47 104.73 
  7 1.37 107.36  7 3.87 100.88  7 47,600.22 95.2  7 95236.02 105.82 
  8 1.51 117.72  8 3.36 87.55  8 46,995.22 93.99  8 85950.19 95.5 
  9 1.19 93.12  9 4.28 111.49  9 53,415.21 106.83  9 94044.02 104.49 
  10 1.11 87.08  10 3.56 92.72  10 51,555.23 103.11  10 89815.95 99.8 
  11 1.12 87.31  11 3.6 93.65  11 53,560.55 107.12  11 86696.55 96.33 
  12 1.05 82.19  12 3.77 98.23  12 50,785.89 101.57  12 94129.26 104.59 
  13 1.13 88.39  13 3.63 94.54  13 47,945.95 95.89  13 90267.53 100.3 
  14 1.35 105.11  14 4.12 107.35  14 50,914.40 101.83  14 84763.73 94.18 
  15 1.53 119.19  15 3.78 98.42  15 46,385.55 92.77  15 85488.53 94.99 
  16 1.44 112.36  16 3.55 92.51  16 53,176.27 106.35  16 86006.58 95.56 
  17 1.41 110.15  17 3.78 98.48  17 45,563.43 91.13  17 90621.51 100.69 
  18 1.19 92.96  18 3.54 92.13  18 51,616.41 103.23  18 93982.8 104.43 
  19 1.51 118.16  19 3.87 100.7  19 52,879.36 105.76  19 89598.88 99.55 
  20 1.18 92.17  20 3.85 100.21  20 47,084.02 94.17  20 94818.5 105.35 
A batch contained 20 patients and a QC set (QC1, QC2, 3, and QC4); QC sets were analyzed after the pati nt samples. 
Underline indicates that the value did not fulfill the criteria set by the guideline.  
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Table 24. Performance characteristics and results of the 12 items in the integrated multinational guidelines for validating analytical 
methods. 
No. Factor 
Integrated guidelines  In this study 
Validation practices Performance specification  Validation practices Performance specification 
1 Calibration curve 
 
[FDA] 
• Blank sample (matrix sample 
without analyte and internal standard), 
zero sample (matrix sample with 
internal standard only), and ≥ 6 
calibrators should be prepared in the 
same biological matrix as the sample 
covering the expected range 
(including the LLOQ). 
[EMA, KFDA] 
• Same as FDA except that the 
expected range must include the 
ULOQ, as well. 
[CLSI] 
• Blank sample, zero sample, and 6–8 
calibrators should be prepared in the 
same matrix as the samples. 
• Calibrators should cover the LLOQ, 
ULOQ, and any medically relevant 
decision point within the analytical 
measurement interval. 
[FDA, EMA, KFDA] 
• Bias within 15% for all 
calibrators for (within 20% at 
the LLOQ) ≥ 75% of the 
calibrators. 
[EMA] 
• The back-calculated 
concentrations should be 
presented with the calculated 
mean accuracy. 
• At least 3 available (or 
acceptable) curves should be 
reported. 
[EMA, KFDA] 
• If replicates are used, the bias 
at each concentration must be < 
15% in at least 50% of the 
replicates, except for the LLOQ 
(< 20%). 
[CLSI]  
• Bias < 15% for all calibrators 
above the LLOQ. 
• R2 > 0.995. 
 
• Blank sample, zero sample, 
and 8 calibrators were prepared 
in 6 different matrices; each 
calibration curve was 
generated in the same matrix 
sample covering the LLOQ 
and ULOQ. 
• The 6 matrices were prepared 
daily and analyzed in 3 
replicates over 6 d. 
• The LLOQ value is the 
lowest concentration, meeting 
precision (CV < 20%), 
recovery of assay* (within ± 
15% bias), and S/N > 5. 
• The ULOQ value is the 
highest concentration, meeting 
precision (CV < 20%), and 
recovery of assay* (within ± 
15% bias). 
(GYQELLEK, V DFTEIQK) 
• 7 of 8 calibrators (87.5%) had 
a bias within 15%. 
(GYQELLEK) 
• Linearity (R2) of reverse and 
forward curves was 0.998 and 
0.988, respectively, from 0.051 
(LLOQ) to 4000 ng/mL 
(ULOQ). 
(VDFTEIQK) 
• Linearity (R2) of reverse and 
forward curves was 0.998 and 
0.992, respectively, from 0.051 







[FDA, EMA, KFDA]  
• Each sample must be tested in at 
least 6 different blank matrices for 
interference. 
[CLSI] 
A matrix (preferably a patient sample) 
containing high concentrations of 
potential interferent should be 
evaluated with and without analyte. 
[FDA]  
• Analytical specificity should 
be confirmed at the LLOQ. 
[EMA, KFDA] 
• Response from a potential 
interferent should be < 20% of 
the LLOQ for the analyte and < 
5% for the IS. 
[CLSI] 
• If the signal of the qualifier 
ion is > 50% that of the 
quantifier ion, the ion ratio in 
the patient samples should be 
within 20% of the mean ratio of 
the standards. 
 
• Compared the blank samples 
analyzed in 6 different 
matrices at their respective 
LLOQ concentrations. 
• The signal ratios (qualifier 
ion/quantifier ion) of all patient 
samples were compared with 
the mean ratio of the internal 
standard. 
• The matrix effect was also 
evaluated (results are described 
in the column below). 
(GYQELLEK) 
• Potential interference 
responses were 2.0% for 
analyte and 3.2% for IS, on 
average. 
• Of the total patient samples, 
2.0% exceeded the mean ratio 
of the internal standard by 20%. 
(VDFTEIQK)  
• Potential interference 
responses were 3.0% for 
analyte and 2.8% for IS, on 
average. 
• Of the total patient samples, 
1.5% exceeded the mean ratio 





• The LLOQ should be established 
using ≥ 5 samples. 
[EMA]  
• Intra-assay, the LLOQ should be 
established using ≥ 5 samples. 
• Inter-assay, the LLOQ should be 
established using samples from 3 runs 
on ≥ 2 different days. 
[KFDA]  
• Not addressed. 
[CLSI]  
• LLOQ should be established using ≥ 
40 replicates from 3–5 different 
samples close to the predetermined 
limit of detection (LOD), over ≥ 5 
runs. 
[FDA, EMA, KFDA] 
• Signal-to-noise (S/N) > 5:1 at 
the LLOQ (noise response from 
a blank sample). 
[FDA, EMA, CLSI] 
• Precision should be < 20% 
CV. 
[FDA, EMA]  
• Accuracy within 20%. 
[CLSI] 
• S/N > 20:1 at the LLOQ. 
• Accuracy within 15%. 
 
• To determine the LLOQ, 5 
different concentrations close 
to the LOD were analyzed in 3 
replicates. 
• The LLOQ was established 
from 6 different matrix 
samples. 
• The 6 matrices were analyzed 
daily in 3 replicates over 6 d. 
(GYQELLEK, V DFTEIQK) 
• LLOQ is determined at a 
concentration close to LOD. 
(GYQELLEK) 
• S/N was 10.8, precision was 
7.7% CV, and recovery of 
assay* was 100.1% at the 
LLOQ determined in 6 
different matrices. 
(VDFTEIQK) 
• S/N was 8.2, precision was 
9.4% CV, and recovery of 
assay* was 101.0% at the 







• Not addressed. 
[EMA, KFDA] 
• Assessed by injecting blank samples 
after a high-concentration sample or 
calibration standard at the ULOQ. 
[CLSI] 
• Assessed by injecting extracted 
negative samples after samples with 
increasing concentrations of analyte. 
[FDA] 
• No specific performance 
criteria specified. 
[EMA, KFDA] 
• Carryover should be < 20% of 
the LLOQ and < 5% for the IS. 
[CLSI] 
• Carryover limit should be the 
highest concentration that does 
not carry over to a negative 
sample ≥ 25% of the LLOQ. 
 
• Blank samples injected after 
the calibrator at the ULOQ. 
• Due to financial constraints 
(protein analogs), 
concentrations above 4000 
ng/mL (ULOQ) were not 
evaluated. 
(GYQELLEK) 
• Carryover was 6.1% for 
analyte and 5.0% for IS, on 
average. 
(VDFTEIQK) 
• Carryover was 3.6% for 





• Assessed using ≥ 5 samples per 
concentration at ≥ 3 concentrations in 
analytical measurement interval. 
• Precision is subdivided into intra-
assay (intra-batch precision or intra-
assay repeatability) and inter-assay 
(inter-batch precision or inter-assay 
repeatability). 
[EMA, KFDA] 
• For intra-assay, precision should be 
assessed using ≥ 5 samples per 
concentration at LLOQ, low, medium, 
and high QC samples in a single run. 
• For inter-assay, precision should be 
assessed at 4 concentrations (LLOQ, 
low, medium, and high QC) from ≥ 3 
runs analyzed on ≥ 2 different days. 
 
[CLSI] 
• Imprecision should be assessed using 
20 samples at 3 concentrations 
[FDA, EMA, KFDA, CLSI] 
• CV < 15% at all 
concentrations except for the 
LLOQ (< 20%). 
[CLSI] 
• No specific performance 
criteria specified (imprecision 
goals should be set based on 
predetermined total allowable 
error, biological variation, 
clinical guidelines by expert 
groups, and local or regional 
regulatory requirements). 
 
• For intra-assay, precision was 
assessed using 6 samples at 4 
QCs [LLOQ, 3×LLOQ, 
(LLOQ + ULOQ)/2, 
0.9×ULOQ]. 
• For inter-assay, precision was 
assessed using 4 QCs and 
analyzed from 6 replicates over 
6 d. 
(GYQELLEK) 
• Intra-assay CV in 4 QCs, 3.4–
7.0%. 
• Inter-assay CV in 4 QCs, 3.0–
11.2%. 
• Total CV in 4 QCs, 4.5–
12.3%. 
(VDFTEIQK) 
• Intra-assay CV in 4 QCs, 2.8–
10.3%. 
• Inter-assay CV in 4 QCs, 4.0–
5.0%. 






• Samples within 25% of any medical 
decision points should be evaluated 
6 Recovery of assay* 
 
[FDA] 
• Assessed using ≥ 5 samples of 
known analyte concentration at ≥ 3 
concentrations (i.e., QC). 
[EMA, KFDA] 
• For intra-assay, accuracy should be 
assessed using ≥ 5 samples per 
concentration at ≥ 4 concentrations 
[LLOQ, < 3×LLOQ (low QC), 30-
50% of the calibration curve range 
(medium QC), at least at 75% of the 
upper calibration curve range (high 
QC) in the analytical measurement 
interval] using spike and recovery 
analysis. 
• For inter-assay, accuracy should be 
assessed using 4 QC samples (LLOQ, 
low, medium, and high) from ≥ 3 runs 
analyzed on ≥ 2 different days. 
[CLSI] 
• Assessment of accuracy should 
include > 1 approach: (a) comparison 
to reference measurement procedures 
using ≥ 40 samples (preferably patient 
samples) covering the analytical 
measurement interval; (b) analysis of 
commutable certified reference 
materials; and/or (c) spike and 
recovery analysis. 
[FDA, EMA, KFDA, CLSI] 
• The mean value < ±15% of 
the nominal value except for 
the LLOQ (< ±20%). 
[CLSI] 
• No specific requirement 
specified (acceptable criteria 
should be defined based on 
biological variation, clinical 
guidelines established by expert 
groups, and local or regional 
regulatory requirements). 
 
• Recovery of Intra-assay* was 
assessed using 6 samples at 4 
QCs [LLOQ, 3×LLOQ, 
(LLOQ + ULOQ)/2, 
0.9×ULOQ]. 
• Recovery of Inter-assay* was 
assessed using 4 QCs analyzed 
daily in 6 replicates over 6 d. 
• The recovery of spiking and 
immunoprecipitation in 4 QCs 
is also evaluated (results are 
described in the column 
below). 
(GYQELLEK) 
• Recovery of intra-assay* in 4 
QCs, 90.3–116.0% (LLOQ < ± 
20%). 
• Recovery of Inter-assay* in 4 
QCs, 88.4–107.2%. 
(VDFTEIQK) 
• Recovery of intra-assay* in 4 
QCs, 90.3–101.9%. 




7 Matrix effect 
 
[FDA] 
• Ion suppression or enhancement 
should be addressed. 
[EMA, KFDA] 
• Assessed using ≥ 6 lots of blank 
matrix (native matrix) from individual 
samples (pooled matrix should not be 
used).  
• Matrix factor should be calculated 
for each lot of matrix by calculating 
the ratio of the peak area in the 
presence of matrix (measured by 
analyzing blank matrix spiked after 
extraction with analyte) to the peak 
area in absence of matrix (neat 
solution of the analyte). 
• Matrix effect should be determined 
at 2 specific concentrations (maximum 
of 3 times the LLOQ and close to the 
ULOQ). 
• If necessary, hemolyzed or lipemic 
samples should be tested. 
[CLSI]  
• Comparison of the peak area for ≥ 5 
native matrix samples spiked with 
analyze postextraction analyte vs. 
analyte spiked into neat solution tested 
at all calibrators. 
[CLSI - linearity]  
• 9-11 concentrations should be 
analyzed with 2-4 replicates each. 
• Serial dilutions should be avoided. 
[FDA] 
• No specific performance 
criteria specified. 
• Assessed to ensure that 
precision, selectivity, and 
analytical sensitivity will not be 
compromised. 
[EMA, KFDA, CLSI] 
• Precision CV < 15%. 
[CLSI] 
• Precision CV < 15%. 
• Evaluated in the context of 
total allowable error limits for 
specific analytes. 
[CLSI - linearity]  
• Any detected nonlinearity 
should be assessed for clinical 
significance. 
 
• Peak area ratio for 6 different 
matrix samples spiked with 
analyte vs. analyte spiked into 
neat solution were compared at 
8 calibrators and 4 QCs. 
• 6 concentrations of 2 samples 
mixed in different ratios (non-
serial dilution) were analyzed 
in 6 replicates. Evaluated by 
first-order polynomial (straight 
line) regression method. 
• Evaluated the effects of 
lipemia, hemolysis, and 
icterus. 
• Evaluated the effects of 2 
types (serum, plasma) of blood 
collection tubes. 
(GYQELLEK) 
• CVs of all calibrators and 
QCs < 11.5%. 
• Recovery of spiking, 87.3–
113.7%. 
• Linearity (R2 = 0.994) was 
obtained at 2.2–1665.7 ng/mL. 
• Not affected by hemolysis and 
icterus but affected by lipemia. 
(VDFTEIQK) 
• CVs of all calibrators and 
QCs < 12.9%. 
• Recovery of spiking, 92.2–
105.6%. 
• Linearity (R2 = 0.993) was 
obtained at 12.9–712.1 ng/mL. 
• Not affected by icterus but 
affected by lipemia and 
hemolysis. 
(GYQELLEK, V DFTEIQK) 




• Evaluated with polynomials 
regression method. 





• Compare the analytical results for 
extracted samples at 3 concentrations 
(low, medium, and high) with 
unextracted standards, which represent 
100% recovery. 
[EMA] 
• Not addressed. 
[KFDA] 
• Same as FDA but ≥ 3 replicates 
should be used at 3 concentrations 
(low, medium, and high). 
[CLSI] 
• When spiking endogenous analytes 
into matrices that are not blanks, 
standard addition should be used. 
• Proficiency testing, QC, and external 
reference samples should be included 
in recovery experiments. 
[KFDA] 
• No specific performance 
criteria specified. 
[EMA] 
• No specific performance 
criteria specified. 
[FDA, CLSI] 
• Extent of recovery of an 
analyte and of the IS should be 
consistent, precise, and 
reproducible. 
 
• The 4 QCs were prepared in 
6 different matrix samples by 
comparing the results for 
enriched samples with those of 
unenriched samples, which 
represent 100% recovery. 
(GYQELLEK) 




• Recovery of 
immunoprecipitation, 95.9–
103.9%. 
9 Dilution integrity 
 
[FDA] 
• Not addressed. 
[EMA, KFDA] 
• Assessed by spiking the matrix with 
an analyte concentration above the 
ULOQ and diluting this sample in a 
blank matrix with ≥ 5 samples per 
dilution factor. 
[CLSI] 
• ≥ 5 separate replicates of each 
intended dilution should be verified 
[FDA] 
• No specific performance 
criteria specified. 
[EMA, KFDA] 
• Accuracy and precision within 
15% for all dilutions. 
[CLSI] 
• At concentrations > 3 × the 
LLOQ, mean recoveries of 
100% (SD < 15%) are 
acceptable; imprecision < 15% 
is acceptable. 
 
• Samples were initially above 
the ULOQ (8000 ng/mL), and 
5 dilution factors (5, 150, 500, 
2500 and 20000) were used. 
• Each sample was analyzed in 
6 replicates. 
(GYQELLEK) 
• Up to 2500-fold dilution, 
precision and recovery of 
assay* were < 9.8% and < ± 
14.5%, respectively. 
(VDFTEIQK) 
• Up to 2500-fold dilution, 
precision and recovery of 









• At least 3 replicates at each of the 
low and high concentrations should be 
assessed. 
• Bench-Top stability should be 
conducted to cover laboratory 
handling conditions. 
• Long-term stability should equal or 
exceed the time between the date of 
first sample collection and the date of 
last sample analysis. 
• Stock solution stability should 
evaluate the stock solution of drug and 
internal standard. 
• Freeze and thaw stability: ≥ 3 cycles. 
• Processed sample stability should be 
determined, including the resident 
time in the autosampler. 
[EMA, KFDA] 
• At least 3 replicates at each of the 
low (3 × LLOQ) and high (close to the 
ULOQ) concentrations should be 
assessed. 
• Stability of the stock solution and 
working solutions. 
• Freeze and thaw stability. 
• Short-term stability (at room 
temperature, sample processing 
temperature). 
• Long-term stability (in the freezer). 
[FDA, EMA, KFDA] 
• The mean concentration at 
each value should be within 
15% of the nominal 
concentration. 
[CLSI] 
• No specific performance 
criteria specified (stability 
characteristics for samples, 
sample extracts, calibrators, 
and QC materials should be 
verified). 
 
• Short-term stability (4 °C, 
and RT for 7 d), long-term 
stability (-20 °C, and -70 °C 
for 28 d), 7 freeze-thaw cycle 
experiments were done with 4 
QC samples. 
• All samples were analyzed in 
6 replicates. 
(GYQELLEK, V DFTEIQK) 
• Long-term stability and 
freeze-thaw cycle test, 4 QCs 
are stable under all conditions. 
• Short-term stability test, QC1 





• Regarding the stability of stock and 
working solutions, it is not needed to 
evaluate the stability of stable isotope-
labeled internal standards if the 
isotope is demonstrated to be stable 
under the same conditions. 
11 Reproducibility [FDA] 
• Reproducibility is assessed by 
replicate measurements, including QC 
samples and possibly incurred 
samples. 
[EMA, KFDA, CLSI] 
• Not addressed. 
[FDA, EMA, KFDA, CLSI] 
• No specific performance 
criteria specified. 
 
• 4 HCC samples were 
prepared daily for 6 d and 
analyzed in 6 replicates each 
day over 6 d. 
(AFP) 
• CVs < 12.7% for all 4 HCC 
samples. 
(AFP-L3) 
• 3 of 4 HCC samples had CVs 
< 10.1% (22.2% for 1 sample). 




• ≥ 3 QC concentrations (low, 
medium, and high) should be tested in 
duplicate. 
• Number of QC samples analyzed 
during a batch should represent ≥ 5% 
of the total number of unknown 
samples or six total QCs, whichever is 
greater. 
• QCs should be interspersed with 
study samples during processing and 
analysis. 
[EMA] 
• Not addressed. 
[CLSI] 
• ≥ 3 QC concentrations (3 × LLOQ, 
middle range, and near the ULOQ) 
[FDA, KFDA] 
• At least 67% of the QCs ≤ 
±15% of their nominal 
concentrations. 
• At least 50% of QCs at each 
concentration ≤ ±15% of their 
nominal concentrations. 
[EMA] 
• No specific performance 
criteria specified. 
[CLSI] 
• No specific performance 
criteria specified (laboratory 
must establish its own QC 
acceptability criteria). 
 
• 4 QCs (LLOQ, low, medium, 
and high) were tested in 
singlicate. 
• Number of QC is 5% (4 QCs, 
20 runs) of the total individual 
samples. 
• QC samples were 
interspersed with individual 
patient samples during 
analysis. 
(GYQELLEK) 
• 86.3% of the QCs were ≤ 
±15% of their nominal 
concentrations. 
(VDFTEIQK) 
• 87.5% of the QCs were ≤ 
±15% of their nominal 
concentrations. 
(GYQELLEK, V DFTEIQK) 
• 80.0% of QCs at each 
concentration were ≤ ±15% of 
their nominal concentrations. 
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tested in duplicate. 
• Number of QC samples analyzed 
during a batch should represent ≥ 5% 
of the total number of patient samples. 
FDA, US Food and Drug Administration; EMA, European Medicines Agency; KFDA, Korea Food and Drug Administration; CLSI, Clinical 
and Laboratory Standards Institute; LLOQ, lower limit of quantification; ULOQ, upper limit of quantification; LOD, limit of detection; CV, 
coefficient of variance; S/N, signal-to-noise; IS, internal standard; QC, quality control; SD, standard deviation; AFP, alpha-fetoprotein; AFP-L3, 
lens culinaris agglutinin-reactive fraction of alpha-fetoprotein. 
Content that does not meet the guidelines is underli ed. 
* Due to the lack of reference materials, I evaluated the accuracy using the measurement procedure “(c) spike and recovery analysis approach” in 






The US Food and Drug Administration (FDA) has cleared novel and specific 
HCC serum biomarkers, such as the lens culinaris agglutinin-reactive fraction of 
alpha-fetoprotein (AFP-L3), for assessing the risk of HCC (6). AFP can be 
subfractionated into 3 distinct species–L1, L2, andL3–based on its reactivity to lens 
culinaris agglutinin (LCA) lectin, as evidenced by its migration pattern by affinity 
electrophoresis. The microheterogeneity of the glycan structure between AFP-L1 
and AFP-L3 is attributed to the presence of an α-1,6 core fucose at the reducing end 
of the N-acetylglucosamine of AFP (7). AFP-L3 is a glycoform with core 
fucosylation. AFP-L1 is predominantly expressed in be ign liver diseases, such as 
chronic hepatitis and liver cirrhosis. AFP-L2, whic is produced by yolk sac tumors, 
has moderate affinity for LCA and is also detectable in maternal serum during 
pregnancy. AFP-L3 is tumor-specific for HCC. AFP-L3 concentrations correlate 
with AFP concentrations. However, AFP-L3% lacks such a relationship with AFP (8, 
9). As a biomarker, AFP-L3% is independent of AFP. 
The first clinical laboratory assay for AFP-L3 was developed using a lectin 
affinity electrophoresis method. Subsequently, the ratio of L3 to L1, expressed as a 
percentage, was enabled to be determined using dye-labeled antibodies and 
quantified by densitometry. An automated assay was developed for clinical use in 
Japan on a liquid-phase binding assay (LiBA) platform. AFP-L3% values can be 
generated when AFP is > 10 ng/mL, with a minimal detectable limit of AFP-L3 of 
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0.8 ng/mL (10). LiBA was cleared by the FDA for evaluating the risk of HCC in the 
US in April 2005. Since then, assay technologies have continued to evolve. Since 
2009, such assays have been incorporated into microchip capillary electrophoresis 
and LiBA on a micro total analysis system (μTAS) Wako™i-30 autoanalyzer (11). 
With the deployment of second-generation assays, the analytical sensitivity has 
improved by decreasing the minimal detection limit to 0.3 ng/mL of AFP-L3 (12). 
The μTAS Wako™i-30 autoanalyzer obtained FDA clearance for in vitro diagnostic 
use in February 2011. 
 Although the clinical sensitivity of the assay has increased as its detection 
limit has improved, the general consensus of practicing clinicians is that the high 
incidence of false negatives renders the test results unreliable (24, 25). Accurate 
measurements of AFP-L3% have been limited to HCC patients with AFP 
concentrations greater than 0.3 ng/mL, due to the insufficient analytical sensitivity 
of the instrument. On the μTAS Wako™i-30 autoanalyzer, AFP-L3% cannot be 
reported if the total AFP level is < 0.3 ng/mL, even in cases of high AFP-L3 levels. 
The low sensitivity of AFP-L3 has hampered enthusiasm for its potential as an HCC-
specific biomarker. 
In this study, the AFP-L3-positive rates in 200 HCC samples were 61.5% (n 
= 123) and 81.0% (n = 162) by LiBA and MRM-MS assay, respectively–thus, the 
analytical sensitivity improved, and 39 additional HCC patients were observed. 
Further, the MRM-MS assay can identify more HCC patients with normal AFP levels 
(≤ 5.9 ng/mL; n = 82) than LiBA (n = 20, 24.4% versus n = 44, 53.7%). The MRM-
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MS assay is not used for diagnostic decision-making, u like LiBA. If the MRM-MS 
assay is applied in clinical practice, it will benefit certain HCC patients who have 
been designated only with the AFP concentration from LiBA measurements, wherein 
AFP-L3 measurements are available due to the greater sensitivity of MRM-MS assay. 
The cutoff value is 20 ng/mL for AFP for the early diagnosis of HCC patients, 
corresponding to 10.0% for AFP-L3 (26). Therefore, a more definitive assessment 
should be performed in a larger sample set. 
The MRM-MS assay and LiBA showed good agreement with regard to AFP 
concentration (R = 0.895), and that for AFP-L3 concentrations was moderate (R = 
0.627). The discrepancy between measurements by LiBA and MRM-MS assay might 
have originated from matrix effects and antibody or lectin cross-reactivity. The 
difference in the number of calibrators (8 versus 2 points) and standard differences 
(internal versus external) might also have affected the accuracy of the assay. 
However, the reasons for the disparate performance in AFP-L3 between the 2 assays 
are unknown. Apparently, the imprecision in the measurements was greater at lower 
concentrations (eg, MRM-MS). Thus, the higher propotion of low AFP-L3 
concentrations. 
 There are 3 notable aspects of the study that distinguish it from earlier 
efforts to quantify (glyco)protein biomarkers by mass spectrometry. This assay uses 
a monoclonal antibody to selectively enrich AFP from serum, improving the 
analytical sensitivity by removing most of the matrix proteins that cause interference. 
In general, commercially available protein antibodies are cheaper than peptide 
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antibodies (e.g., stable isotope standards and capture by anti-peptide antibodies) (13), 
rendering them more cost-effective in quantifying low-concentration (glyco)proteins 
in blood. 
One of the challenges of bottom-up proteomics is that quantifying 
endogenous proteins in human serum depends highly on the sample preparation, 
which is subject to extreme variability (3, 14). To minimize this variability, I used a 
stable isotope-labeled internal standard protein analog. The advantage of using such 
compounds instead of peptide analogs is that they can be added at the beginning of 
the sample preparation, mitigating variations in enrichment, fractionation, 
deglycosylation, and digestion (15). In addition, all sample preparation steps were 
performed on a volumetric basis (“addition only”) to enhance their compatibility 
with liquid handling systems. 
I validated this analytical method in accordance with integrated multinational 
guidelines. This study is the first to satisfy the experimental design requirements set 
by the guidelines of major institutes. Table 2-17 details the criteria that dictated the 
experimental design with respect to the validation of the analytical method. In 
addition, the schedule constitutes an efficient program for conducting MRM-MS 
analyses, minimizing the number of injections into the equipment. I hope that this 
proof-of-principle application of the suggested guidelines will be helpful for 
validating other biomarkers as they progress through the clinical application pipeline. 
 In summary, the method quantifies AFP-L3, a biomarker of HCC, with 
greater sensitivity than LiBA. I recommend implementation of this MRM-MS 
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assay, which is superior in distinguishing HCC from non-HCC versus LiBA, 
despite it being a fundamentally disparate method fr m the conventional AFP-L3 
assay. The strategies that I have used are highly transferable to other studies of 
(glyco)protein biomarkers that have significant clinical value but are difficult to 




In this study, I have developed and validated an MRM-MS assay for quantifying 
AFP, AFP-L3%, and PIVKA-II in human serum to diagnose early-stage HCC. 
Especially, the improved analytical sensitivity of this MRM-MS assay allows us to 
detect AFP-L3 concentrations that are not observable by LiBA. Also, I identified the 
surrogate peptide to measure PIVKA-II in human serum by mass spectrometry. This 
study improved the low analytical sensitivity and low reproducibility of previous 
study (16) by immunoprecipitation of AFP using a monoclonal antibody and 
separately measuring AFP and AFP-L3 after fractiona with LCA lectin. This 
process resulted in a wider quantification range than all other AFP (0.051-4000 
ng/mL), AFP-L3 (0.132%-100%) and PIVKA-II (1.28-1000 ng/mL) measurement 
method. With regard to its application in clinical practice, this method validation 
study, performed in accordance with several internatio l guidelines, such as those 
from the FDA, EMA, KFDA, and CLSI, demonstrated that the assay is robust and 
reproducible. This SRM-MS assay is immediately applicable to clinical practice. 
Future interlaboratory work will be performed to confirm that this method is robust 
and reproducible across laboratories. 
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ABSTRACT IN KOREAN 
국문초록 
 
서론: 혈액 내의 AFP, AFP-L3 그리고 PIVKA-II 는 간세포암의 
표지자이다. 위의 3 가지 단백질 표지자는 liquid-phase binding assay 
(LiBA) 를 이용해서 정량 하는 것이 일반적이다. 그러나 LiBA 는 기계 
자체의 분석적인 민감도가 낮기 때문에 표지자의 농도를 정확하게 
반영할 수 없다는 단점이 있다. 그러므로 우리는 질량분석기를 이용한 
다중 반응 검지법을 이용하여 AFP, AFP-L3 그리고 PIVKA-II 를 정량 할 
수 있는 정량법을 개발 하는 것을 목표로 연구하였다. 
 
방법: 안정 동위 원소로 표지된 재조합 단백질을 내부 표준 물질로 
이용하였고, 모노클론항체를 이용하여 AFP 와 prothrombin 을 인리치 
하였고, LCA 렉틴을 이용하여 AFP-L3 만을 분획하였으며 이 후, 트립신 
(AFP, AFP-L3)과 키모트립신 (PIVKA-II) 으로 다이제스쳔을 시행한 후 
질량분석기에 주입하여 online-desalting, MRM-MS 분석을 진행하였다. 
1 장에서, 400 명의 시료 (간염 100, 간경화 100, 간암 200)를 LiBA 와 
MRM-MS 로 각각 분석한 후, 두 정량법의 진단적 성능을 비교하였다. 
2 장에서, 질량분석기 기반으로 개발된 정량법을 국제적인 가이드라인 
(FDA, EMA, KFDA, CLSI)을 따라서 분석적 성능을 검증하였다.  
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결과: 1 장에서, 개발한 MRM-MS 기반의 정량법의 AFP 와 AFP-L3 
최저정량한계는 0.051 ng/mL 로써 LiBA 의 최저정량한계보다 낮았다. 
따라서, LiBA 로는 검출하지 못했던 39 명의 간암 환자를 MRM-MS 
정량법을 통해서는 검출할 수 있었다. PIVKA-II 의 경우, MRM-MS 로 
PIVKA-II 의 농도를 정량하기 위한 최적의 타겟 펩타이드를 선별하였다. 
그리고 1.28 - 100000 ng/mL의 농도 구간에서 선형성을 확보하였다. 
2 장에서는 개발된 MRM-MS 정량법을 12 가지 항목 (검량선, 분석적 
특이도, 분석적 민감도, 캐리오버, 정밀도, 분석법의 회수율, 
생체시료회수율, 면역침강반응의 회수율, 희석타당도, 안정성, 재현성, 
품질관리시료)을 국제적인 가이드라인에 분석적 검증을 하였고, 
대부분의 항목이 가이드라인의 기준에 부합하였다.  
 
결론: 우리는 혈액 속의 AFP, AFP-L3 그리고 PIVKA-II 를 정량하기 
위해서 액체 크로마토그래피와 다중 반응 검지법 기반의 분석법을 
개발하였고, 이 분석법은 기존의 LiBA 분석법의 낮은 민감도를 극복할 
수 있다. AFP-L3 의 분석적 민감도를 향상시키기 위해서 우리는 
단일클론항체와 렉틴을 이용하여 AFP-L3 를 분획하였고, 이 후에 
탈당화와 펩타이드화를 진행하였다. PIVKA-II 의 경우, 혈액속의 PIVKA-
II 를 질량분석기로 정량 하기 위한 타겟 펩타이드를 선별하여, MRM-MS 
기반의 분석법을 개발하였다. 개발된 분석법은 국제적인 가이드라인 
(FDA, EMA, KFDA, CLSI)을 따라서 분석적 검증을 완료하여 충분히 
정확하고 재현성있게 정량할 수 있는 분석법인 것을 확인하였다. 
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